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PREFACE 


Structure of the 
Nervous System 



P i £ 
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» ' 


llta »• h-Mt ni ilrnMt IH* 41 lk ntVM- 

fc tf plW W MMt f lU H W i Ol MOm 
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OnoM M M Mt(P Pf •* l i * <w^ ^ w > hn 

DhpM m 111 III ii^iMrF>Pl ih* MdH-iM ihi iiri IPt 1 |m>' IM- 

Cmnfei M MiUrtf tm h 


A ll im lilc I luivc anted to know liow liiin^s work. 
When I was a liow I took a]>an alarm clocks, vn- 
dios. iny inoilier's sewing machine, and other in¬ 
teresting gadgets, to see what was inside. Much to my 
patents' reliel. I outgrew' tliat Itabit (or at least gt>t bet¬ 
ter at putting things Itaek together), bin my cm iosity is 
still with me. Sittce mv college days. 1 have been trying 
to ilnd out all I can about the workings of the most in- 
tiicate piece ol’machinery that we know of: the human 
braim 

The held of' nemoscience research is a vei v l>nsv 
and productive one todav. A large number of scientists 
are trving to understand tiie ph\siolc>g) behavior, tis- 
ing more and tnore advanced methods, yielding more 
and more interesting results. Theii' rmdiiigs [>rovide me 
with much to write aboitt, I admire their dedication and 
iiai'd work, and I thank tfiem lot giving me something to 
say. Without their efiorts I ca>uld not have written this 
hook. 

I wiXJle the first edition of this hook at the request of 
inv eolleagnes wlto leaeli the course, and who wanted a 
briefer vet'sioti of' Pltysfolof^^ /ic/^rte/Vvr with more em¬ 
phasis oil research related to linmans. file first pait ol 
this book is eoncerned with foundations; ihe history of 
the field, the structure and fiincLions of neurons, neu¬ 
roanatomy, psycho]jhannacolog>', and methods ol' re¬ 


search. The second part is concei tied with inputs: the 
sen SOI V systems, fhe third pan deals with what might he 
called “motivated'' helia^ ior: sleep, leproducfioti, emo¬ 
tion, and ingestion. I he fourth part deals witli Icarnitig 
and with verlial comiminicaiiun. fhe final part deals 
with neiii'ological and menial disorders. 


Content Changes 


t )f course, all chapters in this hook have lieen revised. 
My colleagues keep me busy }>y providing me with in¬ 
teresting reseairh results to describe in my hook, fhe 
problem is always to include the interesting new mater¬ 
ial without letting the length ui the hook get out ol 
hand, lake the previous editions, this edition contains a 
chapter on neurological disorders, which is nut loiuid in 
Ph\\stohf(\^ of Hfhfivhm 

The folhiwing list inchnles some td the inffinnaiion 
that is new tt: this edition: 

• Functional imaging sUKlies on perception of form 
fnxn motion 

• New research on die role of Outer liair cells in am¬ 
plification of'vihraiions olThe basilar membrane 

• New research on the presence of’tlorsal and ventral 
streams in the auditory system 

• New research on the capsaicin nociceptor in 
knockout mice 

• ‘'Olfaciotopic'' representation in ollacu>ry ct>riex 

• l>ee[> brain siimulalion for FarkinsonN disease 

• The discoverv that narcolepsy is a iicurodegenera- 
live disease of hvpocretinergic nenr<ins 

• Ni'W' research on the role oi' adenosine as a .sleep- 
promoting ehcmieal 

• fhe discovery ol’nvo lamiUes of pheromone rece])- 
lor proteins 

• New research on the ef fects ol estradiol on w’onien's 
sexual interest 

• New research tm the hnnian amygdala and emo- 
Urinal memory 

• New research on the role of'the prefrontal coi'tex in 
decision making and moral judgments 
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• The role oi st^rotoniii in tunciioiis of pref roiUnl 
c’cji lex: relevance to iiiij^rer aiu! a^^ression 

• New researcli ini the iiierlianisnis of lon^-lerin 
poieiuiaiioii and its role in learning 

• Tlie role of‘place cells in spatial nKnin>rv 

• Kuncfitnial iiiiagin^ siiidies ofThe liimiaii 
hi[>|>orainpus 

• A new section on the hilinf^ual l>i ain 

• rile lole of languages witli irregular orthography 
in the prevalence of developmental dyslexia 

■ Kvidence f or loss oreert‘bral gray mat ter in 
sclii/ophienia 

• New research on the inieraclions between pre- 
lion tal cortex, vemral legineiital area, and nucleus 
aeciimbens in the develop me lU of schi/oj^hrenia 

• Kvifience that depression may l esiih from hyper¬ 
activity of tile amygdala and orbjtolfontaf cortex 
and hypoaetivity of the subgenual prefrontal 
cortex 

• Lack of a fnsiidnn face area in the brains of aulisiic 
adults 

• A new section on attentionH:leilcil/hvpei aciivitv 
di sender 

• I'he I'ole of increased sensitivity of’brain glucocor¬ 
ticoid receptors in positraumatic sn ess disorder 

• Tlie I’ole of basf)lateral amvgdala in classicallv con¬ 
ditioned drug craving 

• Kvidence that the orbiiofronial cm tex and ante¬ 
rior cingulate ciii tex are involved in drug craving 

• Kvidenc e lliai stress earlv in life can increase stis- 

!> 

ceptil)ilily to drug addiction 

Tfiere are some important differences between tliis 
book and oj lif^havior. Tlie text (d tins book is 

not simply a shorter and denser version of its piedeces- 
sor I kept the illustrative examples, es[)eciallv those deaf 
ing with litiman flisordei s, and added explanations of 
phenomena to be sure that students without much back- 
ground in biolog\^ could understand what 1 was saving. 
Ahhongh 1 have simplified some oiTlie detailed expla¬ 
nations I have retained file inipoi taut principles. 


mgani/efl the way that a research [U'ojeel might pro 
( eed, Kacli step illustratr^s a particular jjroeedure in the 
context in which it woiikl be applied hi an ongtiing 
|>rogram. 

• Learning Objectives. Kacli chapter begins with a list 
of learning objeciives, wincli also serve as the frame¬ 
work for the study guide that accompanies iliis text. 

• Prologue. A Prologue, which contains the descn]> 
lioii ofan episode involving a neurological disoicler 
or an issue in neuroscience, opens each chapter. 

• Epilogue* All Epilfigne at the entl of the chapter re¬ 
solves the issues raised in the prologue, discussing 
them in terms of whai the reader has learned in tlie 
ehaf>ter, (>r introduces a relatef] topic. 

• Interim Summary Idllows each major section of’the 
htiok. riiey not only provide nsebil reviews, but also 
break each chapter into manageable eluniks, 

• Thought Questions idllow most interim summaries, 
aiul provide an opportunity lo think about whai has 
been learnetl in the previt^us section. 

• Definitions of Key Terms are printed in the margin 
near the places where the terms arc flrsi discussed. 
Pronunciation guides lor terms that might be diffi¬ 
cult to pronounce are also found die re. 

• Key Concepts* Kaeli chapter taids with kev con¬ 
cepts, which provide a quick review^ A list of Sug¬ 
gested Readings and Suggested Web Sites provitle 
more information abont the to[}ics discussed in the 


Full-Color Art 

The ilhisiraiioii.s in ibis book were [3repared bv [av 
Alexander, ol l-I lua (Graphics. Jay also works in die Psy¬ 
cho I og\ Depart mem at the Universitv of Massacliuseus, 
and he and I liave been working logetfier on mv books 
ft>r seveial veins, 1 tlnnk the resnh of t>ur collaboration 
is a set of clear, consistent, and attractive illusliaiioiis. 


Strategies for Learning 

This theme, which runs throngliont tlie hook, was 
created to lielfj apply phy.siological psvcht>iog\’ u> dailv 
life. Von will find a “Strategies for Learning' lieafling 
in (‘liapier I, and a cliapler entitled 'Wletliods and 
Strategies of Research.'' This chapter does not contain 
a l3e wilder ing list of researcli methods: instead, the 
reader is led ilirougli a set of hypothetical invesdgatiniis 


Strategies for Learning 
Supplements 

I have )>reparcfl a revised CD-ROM, which cf>niains the 
Anhmtioffs kun\ die ('(miputmzf'ff Stufly (hiifk. 
The animaiionstiemonslratesome of the most impotaant 
principles of neuroscience through movement and inter¬ 
action, 'file animations have been subsianliallv revised 
and expanded from die [>revions version. They include 
modules on iieuro]3hy.siolog%' {Neural (xmininnication, 
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11 If Ac I ion Poifnual^ Synapses, and Ptisls) naplic Poieth 
tials), nfurcmnatoniy {I'he Rotatable Brain, Brain Slices, 
and Meninges and (ISF), ps\'clio]iliarniact)log\; researcli 

methods, atidition, Jiienioi v, and ^erbal eominnnication. 

* 

The modules on research methods inckide three new 
videos demonstrating liistological methods, antoradiog- 
rapliy, and ini[daniaiion ol an inti acraiiial camuila. Hie 
inieraclive Comlmimv^d ^liuh C* *\udi^. accessible throngli 
the same meiui, contains a set cjf sell-tests that include 
muliiple-c'hoice c|uesUons and an on-line review ol terms 
and dermitions, Tlie questions and list of terms and dell- 
nilions present cjttestions and keep track or your progress, 
presenting missed items until yon liave answered all ol 
them can rectly. The romputeri/ed study guide also in- 
ekides interactive figures and diagrams Iroin the h<Kjk 
that will help sludenis learn terms and coneejits. This Cl )- 
ROM is hieliidetl free with the purchase ol’a new book. 

A Siud% Giu(U\ winch my wile and 1 wrote, is also 
available. This workbitok provides a IVamewtuk Idr 
guiding studv l>ehavit>i. It promotes a ihorongh under¬ 
standing ol the [>riiiciples of pbysiokjgical psycholog\' 
througii active pailicipatk>n in ilie learning process. 
The SIndy guide contains a set ofXa>ncept Oaifls. An im¬ 
portant part of learning about [>bysiologiral ]>svdu>k)g)^ 
is acquiring a new vocabulary, and the concept cards will 
hel|> with tins task. Terms are printed t>n one side of 
thes<‘ cards, and defuiitions are j>riiued on the other, 
rhe publisher oiTbis book, Allyn Bacon, hosts a 
conijianion Web site for this text: www,ablongman.com/ 
carlsonbe. This site contains aflditional multiple-choice 
test questions for siutleiUs, organi/ed by cliapter, 1 his 
[brnm allows you to furihet^ practice exam taking. The 
Web she also provides lioi links to (jiher relevant sites tjf 
interest and researcli iqKiaics, prtaided by Paul Well¬ 
man, Professor of Psycliology at lexas AKM. 


Supplements for Instructors 


Several supplemenis aie available for instructors who 
adopt litis book, 

• Instructor’s Maniiah VMilten by Bill Meil, Indiana 

LJniversitv of Peunsvlvania, this is an excellent tool 
■ « 

for classroom preparation and managemeiu. Each 
cha[>ter includes an Ai-.Vt lance (kid, with detailed 
pedagogical infoi inaiion linking io other available 
supplements, teaching olijeclives, lecture material, 
demonstrations and activities, and an npdaied list 
of video, media, suggested i eatlings, and wvb re¬ 
source's, In addition, the apjit'udix includes a conn 
[)rehensive list of .student liandonis. 

• Test Bank. Written by Paul V^ellman, Texas AK\M 
L'niversitv, this resource is ill led with challenging 


questions that target key concepts. Each cliapler has 
a[)])roximaielv 10(1 f|uesiioiiSt including mulliple- 
choice, true/fal.se, short answer, and essay* each with 
an answer justification, fxige relereuces, a difflctilty 
j’ating, and ty[)e designation. In addition, the ap- 
]>emlix includes a sainjile ojien-book qui/. Tliis 
jinaluct is also available in IVstClen computer- 
i/ed version, for use in erealing tests in the class¬ 
room. 

• PowerPoint Presentation. An iiueraclive tool for use 
in die classroom, was created bv (Irani McLaren, 
Ediiiboro University of Pennsylvania. Each rhapler 
includes images from the textbook, with deni ou¬ 
st rat ions. In add it it HI, the (^H-ROM coniains the 
electronic Instructor’s Manual Hies. 

• Transparencies for Physiological Psychology', © 2005* 
(ltHn[>letely updated, fhere are approximately 100 
full-color acetates uj enhance classroom lecture and 
discussion. This package includes images from Allyn 
and Bacoifs major phvsiokigit al psychology texts. 



© 2004* III is is a compreliensive source for video 
and animation; text images, including chans, 
graplis, tables, and figures; and PowerPoint lecture 
presentations, all from Allyn and Bacon's major 
plivsiological psycluilog)- texts. It is a powerful tool 
for cusiomi/ed classroom presenialion. 

• Physiological Psychology Video Workshop, Instruc¬ 
tor’s Teaching Guide, A (d)-ROM includes 10 video 
modules that offer many nselnl ideas for integrat¬ 
ing MdeoWoi kslif>]j into your course. It also in¬ 
cludes correlation grids idr individual physiological 
jisvelnilogv' texts, summaries (dr eacli \'ideo clip, 
critical tliinking questions, mnhi[>le-choice ques¬ 
tions, wvh links, and an answer key lor the Student 
Leataiing (iuide, E<h vonr review, the (UTROM and 
Student Learning (iiiide is also included in the 
Teaching Guiiie, giving you the conqjlete program 
in one easy relerence, 

* Course Com pass. Powered by Blackboard, tills 
course management system uses a powerf ul suite of 
tools so iiisinictcH S can create an online j^resence 
lor anv course. 


In Conclusion 


frving It) keep up with the rapid jjrogress being made in 
neuroscience resea rcb [>oses a dial lei ige for teachers 
and textbook wiiiers, II asindem simply memori/es wliat 
W'e belie^e at the time to l>e facts, he or she is left with 
knowledge that quickly becomes t jbsoleie. In this botik I 
have tried to provide enough background material and 
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enough knowledge of basic plivsiokjgical processes so 
dial the reader can revise whai lie or she lias learned 


wlien research provides us wiih new inionnatioii. 

I designed diis text m be inieresiing and infdnna- 
live. I have endeavored lo provide a solid foundaiioii for 
f’urtlier suidy. Students wlio will noi take suhsec|ueiu 
courses in tliis or related lields should receive the satis- 
faciion ol'a much hetier understanding ofhheir own be¬ 
havior. Also, they will have a greater appreciation for the 
forthcoming advances in medical practices related lo 
disorders that alTeci a persoids percejilion* mood, or be- 
ha\ ior. I hope that people who rarefully read this book 
will henceforth perceive human behavior in a new light. 
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To the Reader 


[ hope that in reading this hook you will come not only 
to learn more about the brain but also to appreciate it 
for the marvelous organ it is, Tlie brain is w'onderl’ully 
complex, and perhaps the mcist remarkahie thing is that 
we are able to use it in our attempt to understand it. 

While working on this book, I imagined mvsell talk¬ 
ing with siudems, telling them interesting stories about 
the findings ofA linicians and lesearch scientists. Imag¬ 
ining vour presence made the task ol wi lting a little less 
lonely, I lu>pe that the dialogue will continue. Please 
write to me and tell me what you like and dislike about 
the l)o(^k. My address is: Deparimeni of Psvchologv, To 
bin Hall, University f>f Massachusetts, Amherst, Massa¬ 
chusetts OHIO'k My e-mail arldrcss is tur@f}syrh, tonas\j'flii, 
H you write to me (or send me an e-mail), we can make 
the conversation a two-way exchange, 
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LEARNING OBJECTIVES 


1 . Describe the behavior of people with spMt brains and explain what this 
phenomenon contributes to our understanding of seif-awareness. 

2 . Describe the goals of scientific research. 

3 . Describe the biological roots of physiological psychology. 

4 . Describe the role of natural selection in the evolution of behavioral traits. 

5. Describe the evolution of the human species. 


6. Discuss the value of research with animals and ethical issues concerning their care. 

7 . Describe career opportunities in neuroscience. 

8. Outline the strategies that will help you learn as much as possible from this book. 


■ Understanding 
Human Consciousness: 

A Physiological Approach 

Split Brains 

INTERIM SUMMARY 

■ The Nature of 
Physiological Psychology 

The Goals of Research 

Biological Roots of 
Physiological Psychology 

INTERIM SUMMARY 

■ Natural Selection 
and Evolution 

Functionalism and the 
Inheritance of Traits 

Evolution of the Human 
Species 

Evolution of Large Brains 

INTERIM SUMMARY 

M Ethical Issues in 
Research with Animals 

■ Careers in 
Neuroscience 

INTERIM SUMMARY 

■ Strategies for Learning 






PROLOGUE 


Rene's Inspiration 


Rene, a lonely and intelligent young 
man of eighteen years, had secluded 
himself in Saint-Germain, a village to 
the west of Paris, He had recently suf¬ 
fered a nervous breakdown and chose 
the retreat to recover. Even before com¬ 
ing to Saint-Germaia he had heard of 
the fabulous roya) gardens built for 
Henri IV and Marie de Medids, and one 
sunny day he decided to visit them* The 
guard stopped him at the gate, but 
when he identified himself as a student 
at the King's School at La Fleche, he was 
permitted to enter. The gardens con¬ 
sisted of a series of six large terraces 
overlooking the Seine, planted in the 
symmetrical, orderly fashion so loved by 
the French. Grottoes were cut into the 
limestone hillside at the end of each ter¬ 
race; Ren4 entered one of them. He 
heard eerie music accompanied by the 


gurgling of water but at first could see 
nothing in the darkness. As his eyes be¬ 
came accustomed to the gloom, he 
could make out a figure illuminated by 
a flickering torch. He approached the 
figure, which he soon recogr^ized as that 
of a young woman. As he drew closer, 
he saw that she was actually a bronze 
statue of Diana, bathing in a pool of 
water. Suddenly the Greek goddess fled 
and hid behind a bronze rosebush. As 
Rene pursued her, an imposing statue of 
Neptune rose in front of him, barring 
the way with his trident. 

Ren^ was delighted. He had heard 
about the hydraulically operated me¬ 
chanical organs and the moving statues, 
but he had not expected such realism. As 
he walked back toward the entrance to 
the grotto, he saw the plates buried in 
the ground that controlled the valves 


operating the machinery. He spent the 
rest of the afternoon wandering through 
the grottoes, listening to the music and 
being entertained by the statues. 

During his stay in Saint-Germain, 

Rene visited the royal gardens again 
and again. He had been thinking about 
the relationship between the move¬ 
ments of animate and inanimate ob¬ 
jects, which had concerned philosophers 
for some time. He thought he saw in the 
apparently purposeful, but obviously 
inanimate, movements of the statues an 
answer to some important questions 
about the relationship between the 
mind and the body. Even after he left 
Saint-Germain, Rene Descartes revisited 
the grottoes in his memory; and he 
went so far as to name his daughter 
Francine after their designers, the 
Francini brothers of Florence. 



^ hv last fioniicr in this work!—and perhaps tlie calest oiic—lies vvitliin irs. Tiie 
liuinan iici vous system makes possible all tliat we can clo, all dial we can know, 
and all that we can experience. Its complexitv is immense, and the task of 
stndving ii and understanding it dwarfs all previous explorati4>ns our species has 
undertaken. 



Most physiological psychologists believe that by understanding 
the workings of the nervous system we eventually wilt 
understand how we think, remember, and act—and will even 
understand the nature of our own self-awareness. 


One t>f liie most universal of all human characteristics is 
cnrio.siiy. We want in explain wliat makes things hap]>en. In 
ancient times, people believed that natiiral plienoniena were 
caused by animating spirits. All moving objects—animals, tlic 
wind and tides, the sun, moon, and stars^—were assumed to 
have spirits that caused them to move. For example, stones 
fell when they were dropped because ibeir animating .spirits 
wanted in be rcimited with Mother Earth. As our ancestors 
became more sophisticated and learned im>re about nature, 
they abandoned this approach (which we call animisw) in fa¬ 
vor t>f physical explanations lor inanimate moving objects. 
But iliey still used spirits iu explain Iminan belunior. 

From the earliest Iiistorical times, people have believed 
that tlicy possessed something intangible that animated 
them—a mind, a soul, or a spirit. This belief stems from the 
(act that each of us is aware of liis or her own existence. 
Wlieii we think or act, we feel as thungli something Inside ns 
is lb inking or deciding to act. But what is the nature of the 
human mind? We have physical bodies with muscles that 
move tliem and sensory organs such as eyes and ears that 
perceive information about the world around us. Within our 
bodies the nervous system plays a central role, receiving in- 
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formation from ilu- sfiisory orj^ans aiul conirolliiij^ ilic ninvemetns of the nujsck\s. 
Bui wliai is the- tninci^ ami wluu role (li>cs U play? Does it rlie nervous svsteiii? 

Is it a fifirt ^^/ the nervous system? Is it plivsieal aiitl tajij^iblc, like ilie rest of tlie bocK; 
or is it a spirit iliai will always l eiiiaiii liiclclen? 

I’liysiologieal psytliolo^isis take an empirical aiul practical ajjpioaeli to the sincly 
ol’liumaii nature. Most ofkis believe that the luiiul is a phenomenon produced bv 
the activity of the nervous system. We believe that once we uiidersiand the* w'orkiuf^fs 
of the luimaii body—^in particular, the win kings of tlie nervous system—wc^ will be 
able to explain bow we perceive, how we think* how we remembei', aiul bow we act. 
We will even he able to explain the nature of our t>wii self-awareness. Of course, we 
are far from understanding the workings of the nervous svstem. so onlv' time will tell 
whether this belief is justified. 




Understanding Human Consciousness: 


Mow can pliysiological psycliologisls siutiy human consciousness? Hi st, let s define 
our terms, I'he word mtfsnoiisnrss can be tised to reier to a variety of concepts, in¬ 
ch id ing simple wakefulness, Tims* a researcher may write about an experiment us¬ 
ing "conscious rats/' referring to ilie fact iliat (he rats were awake and noi 
aiU'Stheti^ed. By misduusm^ss^ I am referring to something else: the fact that we hu¬ 
mans are aware oi^—and can tell others about —nur thoughts* pt'rcepiions. memo¬ 
ries. and feelings. 

We know that brain datiiage or ilrtigs can j>rofbimdly affect con.scionsness, 
cause conseiousness can be altered bv changes in the stnictnre or chemisirv of the 
brain, we may hypothesi/e tliat consciousness is a physiological function, just as fjc- 
havior is. VVe can eveti speculate about the oi igins (jfdhts self-awareness. C’t>nsciousr 
ness and tlte ability to comnnuneaie seem to go hand in band. ()ni species, with its 
comjdex social structure and enormous capacity for learning, is well served by onr 
a):>ililv Uj communicate: to express intentions u> one another and to make requests 
of one another, Verl>al coninninieaiion makes cooperation possible and permits tis 
to establish customs and laws of beha\ ior. Ika ha[>s the evolution of this ability is w iiat 
has given rise to the phenometioii of coiiseionsness. That is. onr ability to send and 
receive messages with other people enables ns to send and reeei^e our own mes¬ 
sages—in other words, to think and to be aware of our own existence. (See Fig¬ 
ure LL) 


Split Brains 


Studies of hinnans who have inKlerg<nie a pariicnlar surgical ) 3 rocedure demon- 
slraie dramatically how disconnecting pans of the brain that arc involved with per¬ 
ceptions from parts that are involved with verbal behavior also disconnects them 
fnmi eonsdonsness. T hese results suggest that the parts of the liiain involved in ver¬ 
bal behavior may be die ones responsible for ct>nscic>usness. 

The surgical pioeedure is one that lias been used for people with very severe 
epilepsy that cannot be contr<jlled by drugs, hi these people, ma ve cells in one side 
of the In ain become overaciive. and the ovei aeiivilv is transmitted io die other side 
of the bi ain by a structure called I he corpus eailo.siim, I'lie corpits caLlosuni is a large 
bundle of nerve fibt'is that connect corresponding parts of one side of the lirain with 
those of the other. Both sides of’tlie brain then engage in wild aciivilv and stimulate 
each other, causing a generalized epileptic seizure. T hese seizures can occur many 
times each day, preventing the person IVom leading a normal liie. Neui'osurgeons 


Figure 1.1 

Will the human brain ever 
completely understand its own 
workings? A sixteenth-century 
woodcut from the first edition 
of De humani corpons fabrka 
(On the Workings of the Human 
Body) by Andreas Vesalius, 



Courtesy of National Library of 
MedECine, 


corpus callosum (core pus ka 
tow sum) A large bundle of 
nerve fibers that connect corre¬ 
sponding parts of one side of the 
brain with those of the other. 
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Figure 1.2 


The split-brain operation. A "window" has been opened in 
the side of the brain so that we can see the corpus callosum 
being cut at the midline of the brain. 



Corpus caifosum 


Front 




split-brain operation Brain 
surgery that js occasionally per¬ 
formed to treat a form of 
epilepsy: the surgeon cuts the cor¬ 
pus callosum, which connects the 
two hemispheres of the brain, 

cerebral hemispheres The two 

symmetrical halves of the brain; 
constitute the major part of the 
brain. 



flisc'tAcrtcl iluu ciiLihi^ the' ctjrpu.s callosum (ihc split-brain 
operation) greatly rcthiccd tlic freqiunicy of the e]>ilcptic 
sei/urc’s. 

Figure 1.2 sliows a drawing of the split-brain opera lion. We 
see ilie brain being sliced down the middle, from Irtnit in back, 
dividing it inh> ils two syinrnerrical halves, A "window'' lias l>een 
opened in llie left side of the brain so that we can set' the cor¬ 
pus callosSuni being cm by die neiirosurgeotvs special kniie. 
(See Figure /.2.) 

Sperry (196b) and Ciii//aniga and bis associates (Ciaz/aniga. 
1970; (Tazzaniga and LeDoux, 1978) l^a^'e studied these jjatieiUs 
extensively. The largest [lari of the brain consists ol' two sym¬ 
metrical parts, called the cerebral hemispheres, which receive 
senscjry information from the opposite sides of the bodv. They 
also control niovenients of the o[>posite sides. The corpus callo¬ 
sum enables the two hemispheres to share information so thai 
each side knows what the other side is perceiving and doing. Al¬ 
ter the split-brain operation is ]>erbinned, tiie two hemispheres 
aie discon 11 ecied and operate indepcndentlv. Fheir seus<irv 
iiiechaiiLsms, memories, and motor systems can no longer ex¬ 
change iniormation. I he efi'ecls ol these disconnections are not 
obvitius to tile casual observer, for the simj^le reason that only 
one hemisphere—in most peojile, the left—controls speech. 
The riglit lieniisphere of an epileptic person with a sjilii brain 
appears t<i he able to understand verbal instructions reasonably 
well, but it is incapable ol prf>dncing speech. 

Because only one side of the brain can talk aliont what it is ex[)eriei}cing, [><■(>- 
pie who s[>eak with a person with a sjilit brain are conversing with only one heiiii- 
sj)here: the left. The (jperaiions{>f the riglit hemisphere are more diiriculi to delect. 
Kven the jjaiiends left hemis)jhere has to leai ii about the independent existence of 
the right beinispbei e. One of the first things that these patients say thev notice after 
the operation is that their left hand seems to have a "mind of its own." For example, 
patients may find theniselves putting down a book held in the left hand, even if they 
have been i catling it with great interest. This ctinllict occurs because the right hemi¬ 
sphere. which cunU’ols the left band, cannot r ead and therefore linds the lx jok bor¬ 
ing, At other limes, these patients surprise themselves bv making obscene gestures 
(with the led hand) when they bad not intended to. A psytitologisi tnice reported 
that a man with a split brain had attempted to beat his wife with one haiitl and piTi- 
teci her with the other. Ditl he rm//v want to hurt her? Yes an<l n<i, 1 guess. 

One exception to the crossed repicsentaiion of sensory information is the ol¬ 
factory system. Tliat is, when a person sniffs a flower lb rough tlie feft nostril, onlv 
the left brain receives a sensation of the odor. Thus, if the right nostril of a paiient 
with a split brain is closed, leaving only the left nostril open, the paiient will be able 
to tell us what the odinsure (Ciordon anfl Sperry, 19f>9). However, iidlie od«)r enters 
the right nostril, the paiient will say that he or she smells nothing. Bui, in fact, the 
right brain has perceived the o<ior and ran identify it. To show iliat tliis is Sf>, we ask 
the patient to stnell an odor witli tlie right nostril and then reach for sfitne objects 
tliat are hidden from \'iew by a partition. If asked to use llie left liaud, controlled bv 
tile heniispliere that deieetetl the smell, the [Xitietri will select die object that corre- 
sjjonds to tlie odtir—a plastic flower for a floral iidor, a toy fish for a fisbv odor, a 
model tree for die odoi of pine, and so forth. But ii asked to use the right liaiid, the 
[patient fails the Lest because the riglit hand is connected lo the left hemisphere, 
which did not smell the odor. (See Fi^tre L3.) 

The ef fects of cuuing the corpus callo.sum reinforce the conclusion that we be¬ 
come conscioirs of something only ifdnlVjrinaiion about h is able to reach the parts 






Understanding Human Consciousness: A Physiological Approach 


Figure 1.3 

Identification of an object in response to an olfactory stimulus by a person with a 
split brain. 



of teft 
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Perfume with 
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of I he brain re.spfuisiljle for veil^al comtmniicatioji. vvliirli are hjcaierl \n llic left 
hemisphere* [f ti^e iiifonnaiioii tioes not reach these partsoLthe hrairt^ then that \n- 
ft>iiiiaiioti does not reacli thi‘ consciousness assoc iated witli titese nieclumisms* We 
still know very little about the physiolci^Mjf cousciousness, hut studies c>f people wilft 
hraiii damaj^e are bej^inuiiifr \u provide us with some useful Insiglns* Tliis issue is dis- 
eusscd in later clia]>ters. 


INTERIM SUMMARY 


Understanding Human Consciousness: A Psychological Approach 

The concept of the mind has been with us for a long time—probably from the earliest his¬ 
tory of our species. Modern science has adopted a belief that the world consists of matter 
and energy and that what we call the mind can be explained by the same laws that govern 
all other natural phenomena. Studies of the functions of the human nervous system tend to 
support this position, as the specific example of the split brain shows. Brain damage, by dis¬ 
connecting brain functions from the speech mechanisms in the left hemisphere, reveals that 
the mind does not have direct access to all brain functions. 

When sensory information about a particular object is presented to the right hemi¬ 
sphere of a person who has had a spfit-bratn operation, the person is not aware of the ob¬ 
ject but can, nevertheless, indicate by movements of the left hand that the object has been 
perceived. This phenomenon suggests that consciousness involves operations of the verbal 
mechanisms of the left hemisphere, indeed, consciousness may be, in large part, a matter of 
our ''talking to ourselves." Thus, once we understand the language functions of the brain, 
we may have gone a long way to understanding how the brain can be conscious of its own 
existence. 
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THOUGHT QUESTIONS 

1. Could a sufficiently large and complex computer ever be programmed to be aware 
of itself? Suppose that someone someday claims to have done just that. What kind 
of evidence would you need to prove or disprove this claim? 

2* Clearly, the left hemisphere of a person with a split brain is conscious of the infor- 
mation it receives and of its own thoughts. It is not conscious of the mental 
processes of the right hemisphere. But is it possible that the right hemisphere is con¬ 
scious, too, but is just unable to talk to us? How could we possibly find out whether 
it is? Do you see some similarities between this issue and the one raised in the first 
question? 




The Nature of F 



T\iv riKKlfrii hisinjy nf pliysinlogicid psycliolni^ has ht^cn vvriuen hy psycliulogists 
wlio have coinbiiiecl the fxperinieiual nrethods <>[ psychology with tliose or]>hysiol- 
ogy aiui have applied tlieiii to llie issues dial eoncern all |.>syehologisls. Tlius, we 
liave siLidietl pereeptiial processes, control ol iiioveinciU, slee]j and waking, repro¬ 
ductive behaviors, ingestive beliavioi s, einotioiiai behaviors, learning* and language* 
In recent vears we have begun to study the phvsiolog\^ of human patliological con¬ 
ditions, such as addictions and mental disorders. 


The Goals of Research 



riie goal ot all stientisls is to explain die phenomena diey study. Ihu what flt> we 
mean by explaift} Seieiitihe explanation takes two Ibrnis: generali/auoii and ledue- 
tion. Most [>svehologisis deal with generalization, Thev explain pai tit ular liislances 
oiheliavior as examples t>fgeneial laws, W'hich ihevtlerluce from their exjDenuients. 
Kor instance, most [)sy< hologisis wtnild ex[>laui a [laihologicallv strong fear of dogs 
as an example ol a j^artieular lorm oi learning called rhmhfi/ imttlUioiutiir. Presum¬ 
ably, tlie [xason was Irigliieiiefl earlier in hie hy a d(jg* An impleasaiu stimulus was 
[>aired witli the sigln ol the animal (perhaj^s the pet son was knocketl flown by an ex¬ 
uberant dog or was attackefl by a vicious tme), ainl the subsequent sight of dogs 
evokes the earlier response: fean 

Most plivsiologisis deal with reduction. They explain complex phenomena in 
terms ol sim[>ler ones. For example, iliev may explain the movement oi a muscle in 

terms ol tlie changes in the membi anes ol inn.scle 
cells, the enirv oi particular chemicals, atid the in¬ 
teract it)ns among protein molecules within these 
cells. By ctmuast, a molecular bioioglsi would ex¬ 
plain these events in terms of lorees that biiui vari¬ 
ous molecules together and cause varioii.s [xins ol 
the molecules to be auracted to one another. In 
turn, the job of an attmiic ]>liysieist is to describe 
mailer and energy themselves anti to acctjunt lor 
the vaiioiis forces ftjund in nature. Praetiutniers of 
each branch oi science use reduction to call on sets 
oi more tTemeniary gent'iali/.ations U> explain the 
phenomena iliey study. 

The task oi the physiological psychtilogisl is lo 
e\[)iain behavior in [ihvsiological terms. Bui phvsio- 
Itjgical ]>svc ht>Iogisis cannot sinqdy he refiuctioiiisls. 
It is nta enough tt) ol>serve hehavitas and correlate 
them with physiological events that occui' at the 



Li f 


Studies of people with brain damage have given us insights into the 
brain mechanisms involved in reading and writing. 
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siiiTK^ Iclctnical boliaviors niav occur for clin’crciit rcast>ns aiul tiuis niav be ini- 
tiaiecl [>y dif'fcrein jjhysioloj^ical iiiecliauisins. Tliereibre, we must uncierstatul *'psv- 
cholo^ncally” win a particulai‘ beliavioi' occurs l^efore we can uiulerstancl wliat 
physiological twenis made ii occur. 

Ixa me pren ide a specific example*: Mice, like many oilier mammals, often build 
nests. Ik'havioral observations show iliai mice will build nests under two conditions: 
when the air tempera lure is low and wlien die animal is jDre^nanc A nonjjregnaiiL 
mouse will build a nesl only if' the weather is cool, whereas a [iregnani mouse will 
biiilcl one regardless of the temperauire. I'he same behavior occurs for diilerent rea¬ 
sons. In fact, nest-bnilcling behavior is conirolled by two differeiu phvsioiogical 
meclianisins. Nesl building can be sludietl as a beha\ ior related lo the process of 
teinpei ature regulation, or il can be sLudied in die coiuext n\' parental behavior. 

Ill practice, the research efltn ls of phy.si{logical psychologists involve both forms 
ol expianaiion: generali/.ation and rediiciion. Idea.s for experiments are stimulated 
by ilie investigatoi kiunvledge both of psychological generali/ations about behav¬ 
ior and of pfiysiological mechanisms. A good physiological psychologist must there¬ 
fore he both a good psychologist (utdn good physiok>gisi. 


Biological Roots of Physiological Psychology 

Study t>f (or specnlaUons about) the pbysiolog} of behavior has its roots in aiuiquitw 
Because its nioveinent is necessary for life, and because emotions cause it to beat 
more sirongly, many aneieni cnlnires, iiichiding the Eg^piian, Indiaiuand C^hincse, 
consideretl ihe heart to be the seal tjf thought and emotions, fhe ancieiu Greeks 
did, loo, but Hippocrates (4bf)-37d ttc.) et>neluded that this role should be assigned 
to ihe brain. 

Not all aneieni (ireek scholars agreed with Hippocrates. .Aristotle did not: be 
liiouglit the brain served to cool the passions nfilie beaia. But Cialen (A.n, 130-200), 
who had the greatest respect for Aristotle, concluded that Aristotle's role Un the 
brain was "utterly absurd, since in that case Nature would not have placed the en- 
ceplialon [brain] so far from the heart, . . . and she would not have attached the 
sources ol all llie senses [the sensory ner ves] to it ((ialen, 1908 translation, p, 387). 
(ialen ihonglu enough of the brain to dissect and study ilie brains of cattle, sheep, 
pigs, cats, dogs, weasels, monkeys, aiul apes (Finger, 1994), 

Rene Descartes, a seven teen I h-c eiUnry French ]>hilo.soplier and mathematician, 
has been called the father of tnodeni philosophy. Allfiongh he was not a biologist, his 
speculations about the roles tyftlte mind ami brain in the control of behavior provide 
a good starting point in the liislorv of physiological psychology'. De.scartes assumed that 
tile world was a [inrely mechanical eniitv ifiat, fmee having been set in motion by God, 
ran its course without divine inierference, rhus, lo understand the world, one had 
only to understand how it was consirucierl. I n Descartes, animals were mechanical de¬ 
vices: their behavior was controlled bv envinnmiental stimuli. His ^^ew of the human 
body was much the same: It was a machine. As Descartes observed, some movements 
of the luiman bt)dy were anunnatic aiul iin't>lmuary. For example, if a persoif.s finger 
touehed a hot object, the arm would iitnnediaiely withdraw from ihe source of siiinu- 
laii(m. Reactions like this did mu require participation of the mind: they occurred au¬ 
tomatically Descartes called these actions reflexes (from the Latin refJrrim^ "to bend 
back upon iLself"). Energy coming from the outside source w'tjuhl be reflected back 
through the nervous system to the muscles, wliieh would contract. The term is still in 
use today, but of course* we explain the t^peration of a reflex dinereinly. 

Like most philosophers ofhis time, Descartes was a dualist: he believed that each 
person possesses a mind—^a uniquely human atiribuie that is not subject to the laws 
of' the luuverse. But his thinking differed fVom that of his predecesst^rs in one im¬ 
portant way: He was the first to suggest that a link exists between the human mind 
and its purely [physical honsitig, the biain. He believed tliat the mind controls the 


generalization Type of scientific 
explanation; a general conclusion 
based on many observations of 
Similar phenomena 

reduction Type of scientific ex¬ 
planation; a phenomenon is de¬ 
scribed in terms of the more 
elementary processes that under¬ 
lie It 

reflex An automatic, stereotyped 
movement produced as the direct 
result of a stimulus. 
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Figure 1.4 


A woodcut from De homine by Rene Descartes, published in 1662. 
Descartes believed that the "souP' (what we would today call the 
mind) controls the movements of the muscles through its influence 
on the pineal body. His explanation is modeled on the mechanism 
that animated statues in the royal gardens. According to his 
theory, the eyes sent visual information to the brain, where it 
could be examined by the soul. When the soul decided to act, it 
would tilt the pineal body (labeled H in the diagram), which 
would divert pressurized fluid through nerves to the appropriate 
muscles. 


stimulatinii of a irog s nor 


niovornonts f)f tlio wfiilo the body, liirout^fi il.s sense 

■p f n 

organs, supplies tlie mind witli iiiiormatifni about whai is 
liappening in die environineni. In parucnlaj, liypoiii- 
esi/ed that this interaciion lakes place in the pineal body, 
a small t)igan situated on iop of the brain stem, In tried be¬ 
neath die cerebral liemisplieres. Me noted that die lirahi 
eomains hollow chambers (the vrtfinrks) dial are filletl 
witli fluid, and he hyputliesi/ed that this ihiid is under 
pressing. In his llie<>r\; when die mind decides to perform 
an acdoir, it lilts die pineal liody in a particular direction 
like a little Joystick, causing fluid to fkiw horn the brain 
into the appropriate set of neryes. Tliis flow of fluid causes 
the same mtiscles to inflate and move, (See Figure F4.) 

As we saw in th<' prologue, the voung Rene Descartes 
was greatly impi essed by the nioying statues in the royal 
gardens (jaynes, ld7(l). These devices served as models 
for Descartes in theori/ing about how the body worked. 

n j- 

I’he pressurized water of the moving statues was replaced 
by pressuri/ed fluid in tlic venti ides; the pipes were re¬ 
placed by nerves; the cylinders by nuisdes; and finally, 
tile hidden valves hv ihe pineal h<jdy. Tliis storv illustrates 
one of the first lime.s that a technological device was used 
as a model lor explaining how the iienous system works. 
In science, a model is a relatively simple system that wcirks 
on known jirlnciples and is able to do at least some of the 
things tliat a more complex system can do. For example, 
when scientists discovered that elements of tfie nervous 
system conunuiiicaie by means of electrical impulses, re- 
seairhers developed models of the brain based upon lele- 
phone swildiboards and, more recemly, computers. 
Aljstract models, which are completely iiiaihematical in 
their properties, liave also been develoj>ed, 

Descartes's model was useful because, unlike [)nrelv 
[philosophical speculations, it could hv tested expeiimen¬ 
tally. In fact, it did not take long for biologists to prove that 
Descartes was wrong. Ff>r example, Luigi Galv^ani, a seven- 
leentlKetHury [lallaii plivsiolugisl, found that clecirical 
ve caused contraction of tile muscle to vvhicli it was attached. 


I model A mathematical or physr 
! cal analogy for a physiological 
process; for example, computers 
' have been used as modets for var- 
1 lous functions of the brain, 

doctrine of specific nerve ener¬ 
gies MulleCs conclusion that be¬ 
cause ell nerve fibers carry the 
same type of message, sensory iri- 
formation must be specified by 
the particular nerve fibers that are 
active. 

experimental ablation The re¬ 
search method in whtch the func¬ 
tion of a part of the brain is 
inferred by observing the behav¬ 
iors an animal can no longer per- 
5 form after that part is damaged. 


Ckiiuraciiuu occurred even wlicii the nerve and muscle were deiached from die rest 
uf the l)ody, so the afiility of the musele lu eouti act and the ability of the nerve io send 
a me.ssage to the musele were ehaiaetenstics of these tissues themseives. Thu.s, the 
firain did not inflate museles f>y direetiiig pressurized Iluid tlu’oiigh the nerve. Ckil- 
vaiii's experimeiil prompted oiliers to study tlie nature ol the message IransnilUed fiv 
the nerve and the means bv which muscles contracted. Tlie result.s of iliese efforts 

i 

gave rise to an accuinulatinii ol'knowledge about the physiologv of behavior. 

One oi the most important figures in the de\x‘lt)]mient oi‘experimental phvsiol- 
ogv^wa.sjohanues Muller,a nineieeiult-ceniurvCiei inau physiologist. (See Figttre 1.5.) 
Muller was a forceful advocate oi the a[)plicaiion ol experimental teelmi<[ues to physr 
iology. Previously, tlie activities of most natui al scietuisis were limited i«> uliservation 
and classihcatitm. Aliliough these aciivities art' essential, Muller insisted that major 
advances In our understanding of the workings of the body wtmld f>e achieved only 
by expeinmentally removing or isolating animals' organs, testing tlieir responses to 
various chemicals, and otherwise altering ilie environment to see how the organs re¬ 
sponded. I hs most linpoitaiii coniribuiion to the study of the plivsiologv' of behavior 
was his doctrine of specific nerve energies, Muller observ^ed that although all nerves 
carry die same liasie message, an eleeii leal impulse, we perceive tlie messages of dif- 
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Rvi ont nerves in diflereni ways. For example, messages carried [>v tlie 
of>tic nerves pruclnce sensaiiojis ol visnal images, atul those carried hy 
I lie auditory tierves pn>dnce sensations ol sounds. Htnv can difTeretn 
sensations arise from tite same basic message? 

The attswer is dial the messages occur iti different channels. The 
portion of the brain tliat receives messages from die o]:)tic nerves in- 
teipi'cLs tlic activity as visual siimnlation, even il ihe nerves are actually 
stimulated mechanically. {Fttr example, vvlteii we rub (mr eyes, we see 
llaslies of'light.) liecanse flirferent parts of die hrain receive messages 
from dirferent nerves, die brain must be functionally divided: Some 
parts perform some functions, while otlier parts j^erlbrm otliers. 

Muller’s advocacy of experimcniaiion and the logical deductions 
Irom his doctrine of specific nerve energies set tire stage ff>r peilorm- 
ing experiments directly on ilie brain. Indeed, Pierre Flourens, a nine- 
leenili-centui y French physiologist, did just llial. Flourens reitmved 
varitms parts td animals’ brains and t>hserved dieir behavior. By seeing 
what the animal ct>nld no longer do, he could infer tlie function of die 
missing portion of the brain. This method is called experimental ab¬ 
lation (from the Latin ahhtfm, Varrieil away"), Flourens claimed to 
have discovered the regions of the brain that control heart rate and 
breathing, purposeful movements, and visual and auditory rellexes. 

Soon after Flouiens performed his experiments, Paul Bn>ca, a 
French surgeon, applied the principle orexperimetnal ablation to the huriian brain. 
C>f‘ct)urse, he did not imentionally remove parts of human brains to see hoiv lliey 
worked. Instead, he observed the behavior of people whose brains had been dam¬ 
aged by strokes. In IHfU he performed an autopsy on the brain of a man who had 
iiad a stroke that resulted in ilie loss of the ability to speak. Broca’s observatiotis led 
hint to conclude that a portioti of tlie cerebral cortex on the left side of die brain 
performs fnnciions necessary for speech, (See Figure F6.) Other physicians soon 
obtained evirlence supporting his conclusions. As you will learn in Ohapter 13, the 
control of sjDeecii is not localized in a [larticular region of the brain. Indeed, speech 
requires many different In net ions, which are organized rhroughoui the brain, 
Xoneilieless, the method of experimental ablation remains important to our un¬ 
derstanding of the brains of both humans and laboratorv animals. 

As I mentioned earlier, Luigi fkihani used electricity to demonstrate that riius- 
cles contain the source of the energy' that powers their contrac¬ 
tions. In lS7n, German physiologists CnrsLav Fritsch and Fduard 
Flitzig used electrical stimulation as a tool I’nr understanding the 
pliysioIog\ of the brain. They applied weak electrical current to 
the exposed surface of a dog's brain and observed the effects of 
tlie stimulation. They found tliat stimulation of different pf»r- 
lioiis of a specific region of the brain caused coiitraciion of spe¬ 
cific muscles on the opposite side ofThe body. We now refer to 
this region as the /m'wzn v m/tlor and we know that nerve 

ceils tliere communicate directly with iliose tliat cause muscular 
contractions. We also know that other regions of the brain com- 
mnnicale with the primary motor cortex and thus control be¬ 
haviors. For example, the region that liroca found necessary for 
speech cimimnnicates with, and controls, tlie portion of die pri¬ 
mary motor cortex that conti ols the muscles of the lips, longue, 
and throat, wliich we use to speak. 

One of the most brilliant contribuiois to iiineieentli-c’cntui v 

■> 

science was the (ierman physicist and jdiysiologist Hermann von 
Helmholtz. Helm link/ devised a mathematical formulation of the 
law of conservation of energy; invented the ophdialmoscope 
(used to examine the retina of the eye), devised an important and 


Figure 1.5 

Johannes Muller (1801-1858). 



Courtesy of National Library of Medicine. 


Figure 1.6 


Broca's area, a region of the brain named for French 
surgeon Paul Broca. Broca discovered that damage to a 
part of the left side of the brain disrupted a person's 
ability to speak. 
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inniicjiiial tlicoi y of color vision and color blindness, and studied auditioUt music, 
and many plivsiological processes. All bough 1 k‘lniholi/ had studied under Muller, lie 
opposed Mriller\s belief thai human organs are endowed with a vilal noiimaierial 
force that coordinates tlieir operations, Helmholtz believed that all aspects of physf 
olngv^are meclianistic, sul^iect to experimentai investigation. 

Helmhnlt/ was also the first scientist to attempt to measure the speed of con¬ 
duction ihrongh nerves. Scientists had prtwiously believed that such ct>nductit>n was 
identical to the couditction that occurs in wires, traveling at appn^ximaiely the speed 
of light. But Hcliuholt/ found that neural conduciion was much slowei’—only about 
90 feet pel second, Tliis lueasureiueni proved that neural conduction was more than 
a simple elec trie al message, as we will see in ("liapter "2. 

Twentieth-century developments in experimental physiologv^ inciude many im¬ 
portant inventions, sucli as sensitive amplifiers to deteci weak electrical signals, neu- 
rocliemical techniques to anale/e chemical changes within and between ceils, and 
liistological techniques hj see cells and tlieir constituents. Because titese dewelojD- 
ments belong to the modern era, they are discusseti in detail in snbseciuent cliapters. 


INTERIM SUMMARY 


The Nature of Physiological Psychology 

All scientists hope to explain natural phenomena. In this context, the term exp/anatton has 
two basic meanings: generalization and reduction. Generalization refers to the classrfkation 
of phenomena according to their essential features so that general laws can be formulated. 
For example, observing that gravitational attraction is related to the mass of two bodies and 
to the distance between them helps to explain the movement of planets. Reduction refers 
to the description of phenomena in terms of more bask physical processes. For example, 
gravitation can be explained in terms of forces and subatomic particles. 

Physiological psychologists use both generalization and reduction to explain behavior. 
In large part, generalizations use the traditional methods of psychology. Reduction explains 
behaviors in terms of physiological events within the body—primarily within the nervous sys¬ 
tem, Thus, physiological psychology builds upon the tradition of both experimental psy¬ 
chology and experimental physiology. 

The physiological psychology of today is rooted in important developments of the past, 
Rene Descartes proposed a model of the brain based on hydraulically activated statues. His 
model stimulated observations that produced important discoveries. The results of Galvani's 
experiments eventually led to an understanding of the nature of the message transmitted 
by nerves between the brain and the sensory organs and the muscles, Muller's doctrine of 
specific nerve energies paved the way for study of the functions of specific parts of the brain 
through the methods of experimental ablation and electrical stimulation. 

THOUGHT QUESTIONS 

1- What is the value of studying the history of physiological psychology? Is it a waste of 
time? 

2. Suppose we studied just the latest research and ignored explanations that we now 
know to be incorrect. Would we be spending our time more profitably, or might we 
miss something? 


Natural Selection and Evolution 


Muller’s insi.steiicf that biologv' must be an experiniciital science provided the starl¬ 
ing point ibran imporlanl iraditiuii. However, other biologists cuntinuecl lo observe, 
classib; and ihink about wliat tliev saw, and some of ihem arrived at valuable condu- 
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si OHS. rhc- tnosi inipfntam of tlu^se stitHitisis was Cliailes Darwin. (Soc 
Ftgtire L7.) Darwin torniulatr<J tlic [;)t inciples of finfttml mui nni- 

I It f ion, winch icvoliitioni/ed 


Functionalism and the Inheritance of Traits 

Darwin\s ihcory ompliasi/rrl ihai all oj an oi'^anisni’s charailorisiics—-its 
strucmro, its coloraiion, iis bcliavior—have lunctional significance. Fttr 
example, iheir slronj^ talons and sharp beaks [>ermit eagles to catch and 
eat prey. Most caterpillars dial eai green leaves are themselves greeiu anti 
tlieir color makes it dinicuh ior birds to see them against their usual back¬ 
ground. Motlier mice construct nests, which keep their ofTspiiug warm 
and out of harnfs way. Obviously, tbe behavior itself is not iubeiited— 
how can it be? What cvinheriied is a brain dial causes tlie behavior to oc¬ 
cur. Tims, Darwin’s llieorv gave rise to fimctiotialism, a belief that 
characteristics u\ living organisms jiertbrm usef ul hint lions. So, to un¬ 
derstand llie [>hysit>logieal basis (d various behaviors, we ninsi hrsi un¬ 
derstand what these behaviors aceomplisli. VVc must iberefore 
miflerstaiui stmietliing about tlie natural history of the species lieing 
studied so dial the behaviors can be seen in context. 


Figure 1.7 

Charles Darwin (1S09-1832). His theory of 
evolution revolutionized biology and strongly 
influenced early psychologists. 



lo imdcrstand the woikings of a complex piece of tnacbinerv, we 
should kmm what its functions are. llns principle is just as true fora liv¬ 
ing organism as it is fVir a mechanical flevice. However, an important difference ex- 
ists belween machines and organisms: Maeliines have inventors who h;id a f>urpose 
wiieii they designer! diem, wfiereas organisms are the result of a long series of acci¬ 
dents. Thus, siricdy speaking, we cannot say that any physiological meclianisms ofdiv- 
ing organisms have a pu}p<}\f\ But tliey do have fuJirtions, and these ive can trv lo 
determine. Foi example, die ibrelimhs shown in Figure ].H are adaplerl for dirierent 
uses in dilferent species of niainmals. {See Figure L8,) 

A good example of the fniiciional analysis ol’aii adaptive irait was demonstrated 
in an experiment f>y Idesi (I9."i7). (Certain species of moths and fmiierllies liavespois 


North Wind Picture Archives. 


I functionalism The pnnopfe that 
the best way to understand a bio¬ 
logical phenomenon (a behavior 
or a physiological structure) is to 
try to understand its useful func¬ 
tions for the organism. 


Figure 1.8 

Bones of the forelimb: (a) human, (b) bat, (c) whale, (d) dog. Through the process of natural selection, these bones have been adapted to 
suit many different functions. 
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Figure 1.9 

The owl butterfly. This butterfly displays its eyespots 
when approached by a bird* The bird usually will fly 
away* 


Cosmos/Photo Researchers, Inc 


cm llicir that rcscniblt* vvvs —[iarltculaiiy ihe eyes of predaun s 

siicli as owls. (See Figure L9^) Tliese insects iioniially rely on canum- 
ilage for [>roteeiioii; llie hacks ol their wings, wlien lolded. are coU 
orefl like the bark oi’a tree* However, wiien a fnrcl approaches, the 
insect's wings lli[j open, and the hidden eyespots are suddenly dis- 
[>laved. The bird llten tends to lly away; rather lliaii eat the insect. 
Blest [>erfdrnied an esperiment to see whether the eyespcJls on a 
moth's or hniierilv's wings leally disiuri>ed birds that saw thetn. He 
placed inealwonnson diflerem backgrounds aiul connierl liow many 
woians \he birds ate. Indeed, w hen the worms were placed on a hack- 
grotnul tltat contained eves]>(>ts, die birds tended to avoid tlicin* 

Darwin lormulated liis tlieory ol’evolution to explain the means 
bv wliidi species aetjuired llieir adaptive characteristics. The eorner- 
stone ol this iheorv is the principle of natural selection. Dai w'in 
noted that memliers ol a species wore not ail identical and that some 
of the dilierences they exhibited! were inherited by their offspt ing. If 
an imlividnal's diaracteristics permit it to reproduce more sticcess- 
Iiillv; some ol the individuarsoiTsjiring will inlierit the favorable diar- 
acieristics and will themselves [>rodiue more olIs[>ring. As a result, 
the diaracteristics will becotne more prevalent in that species. He ol> 
seiaed tiiat animal breeders were able to develo[> strains that pos- 
ses.sed particular trails hv mating icigelher only animals that 
possessed the desired traits. l\ fititfinal se/erf/on^ c'onirolled by animal 
breeders, could produce so matiy varieties ol dogs. eats, and livestock, perfraps luit- 


ffrffl srl/rfimi could be responsilile ior the develojmiciit of species. Of course, it was 
die natural environment, not tlie hand of the animal breeder, that sliaped the pro¬ 


natural selection The process by 
which inherited traits that confer 
a selective advantage (increase an 
animal's likelihood to live and re¬ 
produce) become more prevalent 
in the population. 

mutation A change in the ge¬ 
netic information contained in the 
chromosomes of sperms or eggs, 
which can be passed on to an or¬ 
ganism's offspring; provides ge¬ 
netic variability. 

selective advantage A charac¬ 
teristic of an organism that per¬ 
mits it to produce more than the 
average number of offspring of its 
species, 


ccss nf cvnlution. 

Darwin and his I’dlow' scienusts knew notlnng about llic mechanism hv wliicli 
the principle of natural sdeciion works. In iaci. the principles (if molecular genet¬ 
ics were not discotered until the middle of the tvventietli ceiitm y. Brielly; liere is 
liow the pn>cess works: Every sexually reproducing multicellular organism consists 
o[ a large niuiiber ofcells. each ol'wliicli contains chromosomes. (!liromosomes are 
huge, complex moleculi;s tlial eon tain the recipes for prtjdncing the proteins that 
cells nei-d to grow an<l to perform tlieir iunctions. In essence, the chromosomes 
contain the hlnepiints for die eoiisti itciion (that is. tlie emhi yoiogical development) 
of a jxiniciilar member ol a [)aiTiciilar species. Ifihe plans are altered, a dilTerent or¬ 
ganism is pr<jduced. 

The plans do get altered: nuuaiions occur frtmi time to lime. Mutations are 
accidental clianges in the cliromosomes of s|ie[-[ns or eggs lliat join togedier and 
develo[} into new organisms. For example, cosmic radiation miglit strike a chixmio- 
some in a cell ol an animal's testis or ovary, tints j)n>dnclng a imnati(>n that allecls 
that animal's olls|>ring. Most mutadons are deleterious: the olTsijritig either iails to 
survive or survives with some sort of deficit. (See Figure /./O.) I low ever, a small per¬ 
centage of imiiaiioiis at e beneficial and ctnder a selective advantage to the organ¬ 
ism that jjossesses tlieim fhai is, tlie animal is iiune likely than other members of its 
species to live long t'nough to reproduce and hence to pass on its chromosomes to 
its <nvn offspring. Manv dilferent kinds of n ails can cemfer a selective advantage: rv- 
sistatice to a [>arncular disease, llu^ ability to digest new kinds of food, more effective 
weapons for defense or Idr [irocuremeiii of [jrey. and even a more atiracli\e ap¬ 
pearance to inemhtMs of tlie oppo.slie sex (alter all, one must repiodiice pass on 
one's cliromosomes). 

Nauirally, the traits tfiat can he altered 1>\ mutations are physical ones; chromo¬ 
somes make jiroieins. w'liich affect die sirnciiire ami chemistry ofcells. Hut the c/- 
ffft.s of these phvsieal alterations can be seen in an aniniars beliavioi; Ihus. die 
[jrocess t>( natural selection can act on liehavior indirectly. For example, if a panic- 
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iilar muiauon results in cliar>ges in tfic brain lhai cause a small 
animal tt) sU>p moving and freeze when it perceives a novel 
St i inn Ins, that animal is more likely to escape nncleteeied when 
a predator passes nearby, lliis tendency makes the animal 
more likely to survive and [>rodnre ofkspring, thus passing on 
its genes to f\nnre generations. 

Other nnitations aie not immediately favorable, bin be- 
eaiise Lhe\ cfo nt>t jjiil their [>ossessors at a disafivaniage, tliev 
are inherited by at least some members ol’ the species. As a re- 
snlt oi’thonsands of'such ininaii(>tis, the members of a particie 
lar species possess a variety of genes and are afl at least 
somewhat dif ferent from one another. Varietv is a definite ad¬ 
vantage f'or a species. DifTerent environments jjrovide optimaf 
balntats for dif fta ent kintls uf‘organisms. VVfien the environ¬ 
ment changes, s[>ecies ninst adapt or rim the risk of'becoming 
estincl. II some memfKas of the s[>ecies possess assortments of 
genes lliat provide characteristics f)ermttling tlieni to adapt tt> 
the new en\in>nmenL, tlieir oifs[)niig wilf snrvtve, aiut the 
species wifi coniinnc. 

Evolution of the Human Species 


Figure 1.10 


An example of a maladaptive trait. An albino alligator 
vvould have difficulty sneaking up on its prey and would 
probably not survive in the wild. Most mutations do not 
produce selective advantages, but those that do are passed 
on to future generations. 



J. H, Robinson/Animals Animals. 


To nWvc means to develop gradually (fVoiii the Latin 
"la tmroir). Tlie jirocess of evolution is a gradual change in 
ihe structure and physiologA'of plant and animal species as a result nfnaiural selec- 
lion. New species evolve when organisms develop novel characteristics that can take 
advantage of nncxploiled opportunities in the envirouinenL. 

The first vertebi ates to eiuerge from the sea—some SbO million vears ago^were 
ampiiihians. In fact, amphibians have not entirely left the sea; ihey still lay iheir eggs 
ill water, and the larvae that hatch from them Itave gills and ntdv later transform into 
adults with air-breathing hmgs. Seventy milHoii years later, tfie lust reptiles Ap- 
peared. Reptiles bad a ctJiisiderable advantage over am[>hil)ians; Their eggs, en¬ 
closed ill a shell just porous etuuigb to permit the developing emhrvo to breathe, 
could be laid ou laud. Thus, reptiles could inhabit regions a wav from bellies ofwa- 
tej\ and lliev could bury llieir eggs where predators w'ould l)e less likelv to find them. 
Reptiles soon divided into three lines: the the ancestors t>iToday's turtles; 

the (liapslfis, the ancestors td'dinosaurs, birds, li/ards, crocodiles, and snakes; and the 
.sytifipsitfs, the ancestors oj’today's mammals. One group of svnapsids, the flirrapsids, 
became the domiiianl land animal during tlie Permian period. Then, about 218 
million )ears ago, the end of tfie Permian period was marked bv a mass extinction. 
Dust from a catastrojjfuc series of volcanic eruptions in presenwiav Siberia dark¬ 
ened the skw cooled the eai tli, and wiped out a[][>rnximaielyTib percent of all ani¬ 
mal species. Among those that survived was a small iherapsid known as a 
fyfindnnl —ilie direct ancestor olTlie mammal, which nisi a]>peared about 220 mil¬ 
lion years ago, (See Figt^re IJL) 

Mammals (atui tlie oilier warm-blooded animals, birds) were oniva modest sne- 
cess for many millions of years. Dinosaurs ruled, and mammals bad to remain small 
and inconspicuous to avoid tlie large variety of agile and voracious predators. Then, 
arouMfl 05 million years ago, anotlier mass extinction ocenn c<l. An ent>nnons me¬ 
teorite struck the Yucatan peninsnla of prcsenwlay Mexico, producing a cloud of 
dust that desiroyed many species, inchidiiig the dinosaurs. Smali, nocturnal mam¬ 
mals survived the cold and dark because they were et]ui[iped with insnlaiing fur and 
a rneclianism for maintaining their bcidy temperature. The void left bv the extine- 
lion of so many large herbivores and carnivores provided the oppoi timiiv lor mam¬ 
mals to expand into new ecological niches, and expand ihev did. 


evolution A gradual change in 
the structure and physiology of 
plant and animal species—gener¬ 
ally producing more complex or¬ 
ganisms—as a result of natural 
selection. 
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Figure 1.11 

Evolution of vertebrate species. 
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Redrawn with permission from Carroll, R l/erteferate Pateontoiogy 3nd Evotuilon New York; W, H Freeman, 1988, 


Tlic cliinatt* olTlie cariv C'ciiu/tHC period, which idllowed ilic mass cxtiiiction at 
ihc 01 id of tlu' ( jTtaceoiis period, was imieli wanner titan it is torlay. 1 ropiral forests 
covered much of die land areas, and in tliese forests our most dircel ancestors, ilie 
])rimales, evolved. 'Hie first primates, like the flrsi numiinals, were small and preyed 
on inserts and small cold-blooded vertebrates such as li/at ds and fro^s. Tliey had 
^raspiiyti; hands dial penniued ihem to c limh about in small branches of the Ibresi. 
Over lime, larger species devekiped, with larger, forward-facing eyes (and the bi ains 
to analv/e what die eyes saw), which facilitated arboreal loctmioiion and the capture 
of prev. As ffuii-beai ing plants evolved, primates began to exploit dds energ%Hlcb 
source of food, and the evtiluuon of coloi vision enablcti them u> easilv dislingitish 
i i[>e and unripe fruit. 

The first hfWiinifls (lumianlike apes) appeared in Africa, fhey ap|>eaj ed not in 
dense tropical ioresis, bin in drier woodlands and in the savanna^—vast areas of grass¬ 
lands sindfietl wldi clumps of trees an<l pof>idated by large herbixorous animals and 
the carnivores tliat prevedon ihern. Otir IVuii-i'aling ancestors continued to eai Jr nit. 
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Figure 1.12 


oi n>iirsc% bill ihey evtilvccl cluiracu^risties that enabled 
tfiem to gather roots and luhcrs as well, to liiint and kill 
^anie, and to delend themselves against <jtlier predators. 

They made tools that could be used to hunt, prtKluee 
clothing, and construct dwellings; they discovered the 
many uses of rue; ihey domesticated dogs, which greatlv 
increased their ability to hunt and helped warn of attacks 
by ptedaior.s; and tliey developed the abiliiy to commu¬ 
nicate symbolically, by means of spoken words. 

Our closest living relatives—the only huminids be¬ 
sides ourselves wlio have survived—are the ehimpan/ees. 
gorillas, and orangutans. DNA analysis slums that genet¬ 
ically there is very little difference between these four 
species. Foi- example, liumans and chimpan/ees share 
98.8 percent ofdheir DNA. (See Figure L12.) 

Tlie hr.st hominid to leave Af rica did so around 1.7 
million years ago. This species, Homo ererlus (Aiprigln 
man^), scattered across Europe and Asia, One branch of 
Homo nedus appears to be the ancestor of Homo oeau- 
deyihaU.% which inhabited Western Europe between 
T20,()0() and SfkfKK) years ago, Neanderthais resembled 
moder n hunians. They made tools <iut of stone and wood 
and disctjvered the use of fire. Our own species. Homo 

sapiens, evolved in East .Africa arouiul lOb.OOO years ago. Thev migrated to otfiei 


A pyramid illustrating the percentage differences in DNA among 
the four major species of hominids. 



Chimpanzee 


Orangutan 


Human 


Gorilla 


Redrawn with pennission from lewin, R. Human Evolution: An fcfrafed 
^nrroducf^o/i Boston: Blackwell Scientific Publications, 1984 


parts of Africa, and (HU of Africa to Asia, Polynesia, Australia, Europe, and the Amer¬ 
icas. They encountered the Neanderilials in Europe around 40.00<f vears ago and co¬ 
existed with them for approximately 10,000 years. Eventually, the Neanderthals 
disappeared—perhaps through interbreeding with Homo sapiens, perhaps through 
cotiipetition for resources. Sciciuists have not found evidence for warlike conflict he- 
tween the two .species. 


Evolution of Large Brains 

Human.s possessed several eharanerisiics that enabled them to compete with other 
s]>ecies. Their agile hands enabled iliem to make and use tools. Their excellent coku’ 
vi.sion helped them to spot ripe fruit, game animals, and dangerous predators. Their 
mastery of fire enabled tliem to cook food, prtwide warmth, and fnglnen nocturnal 
jn edators. Their upright posture and bipedalism made it possible for them to walk 
long distances effieieiuly, with theii- eyes far enough from tlie ground to see long dis¬ 
tances across the plains, liipedalism also pei initted tliem to carry tools arui food 
with them, which meani llial they could bring fruit, roots, and pieces of meat back 
to their tribe. Their litiguistie abilities enabled them to combine the collective knowl¬ 
edge of all the members of the tribe, to make plans, to pass information on to sub* 
sequent generations, and to (Vu iii complex cKili/ations that csLablished their status 
as tite dominant species. All of tliese characteristics required a larger brain. 

A large brain requires a large skull, and an upright posture limits the si/e of a 
woman s birth canal. A Jiewhorn baby's head is about a.s large as it can be. As it is. 
the birth ol a baby is imicli more ardtious than the birth of mammals with propor- 
ii<mally smaller heads, including those of our chjse.st primate relatives. Because a 
baby .s brain is not large or complex enough to perform the physical and intellec¬ 
tual abilities of an adult, it must con tin tie to gixnv after the baby is born. In fact, all 
maninials (and all hi ids, for that matter) require paret)ta! care for a jX'nod of time 
while the nervous system develops. The fact that young mammals (and, pariieularly. 
young Immans) are guaranteed to be exposed to the adults who care for theiii 
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Figure 1.13 

Neoteny in evolution of the human skull. The skulls of fetal 
humans and chimpanzees are much more simitar than those of the 
adults are. The grid lines show the pattern of growth, indicating 
much less change in the human skull from birth to adulthood. 




Chimp fetus 


Human fetus 




Chimp adult Human adult 

Redrawn with permission from Lewin, R Human Evoluwn: An Illustrated 
Introduaion, 3rd ed. Boston: Blackwell Scientific Publications, 1993. 


means that a ]>eiit)fl of’upprcniicesfiijD is p<issihle. 
seqiieiith; ilie e\'<>lnticmai y process did not have to pro¬ 
duce a brain with speciali/ed circuits that periormeti 
sjjeciali/ed tasks. Instead, it could simjdy prf)diice a 
larger brain with an abundance of neural circuits tliat 
could be modified by experience. Adults would nourish 
and protect llteir offspring and provide them widi llie 
skills they wotild need as ad til is. Some special iv^ed circuits 
were necessary, of course (lor example, tliose involved 
in analv/ing tlie complex sounds we use for speech), hut 
by and large, tlie Inain is a general-fjurpose, program¬ 
mable computer. 

What tvpes of generic cliaiiges are required to pro¬ 
duce a larger brain? Hi is question will be addressed in 
more detail in Chapter but the most iinpoi taut princi¬ 
ple appears be a slowing til the process tjf matmaiiom 
allowing more lime for growth, Tliis plienomenon is 
known as neoteny (riuighly iranslaled as ‘'extended 
voutlf'). The brains of newborn mammals are larger than 
lliose of liumaMs, relative to ilieir body weight. Af ter birtli 
the bo<iv grows proportionally faster than tlie brain. How¬ 
ever, tire mature Iniinan head and frrain retain some in¬ 
fantile characteristics, including ilieir disproportionate 
si/e. Figine 1.13 sliows fetal and adult skulls of chim¬ 
panzees and htimans. As you can see, the fetal skulls are 
miicli more similar than those of tlie a<iuhs. Tire grid 
lines show the pattern of growth, indicating mncli less 
change in die human skull from birth to adulthood. (See 
Figttre 1J3.) 


INTERIM SUMMARY 


neoteny A slowing of the pro¬ 
cess of maturation, allowing more 
time for growth; an important 
factor in the development of large 
brains. 


Natural Selection and Evolution 

Darwin's theory of evolution, which was based on the concept of natural selection, provided 
an important contribution to modern physiological psychology. The theory asserts that we 
must understand the functions performed by an organ or body part or by a behavior. 
Through random mutations, changes in an individual's genetic material cause different pro¬ 
teins to be produced^ which results in the alteration of some physical characteristics. If the 
changes confer a selective advantage on the individual, the new genes will be transmitted 
to more and more members of the species. Even behaviors can evolve, through the selective 
advantage of alterations in the structure of the nervous system. 

Amphibians emerged from the sea 360 million years ago. One branch, the therapsids, 
became the dominant land animal until a catastrophic series of volcank eruptions wiped out 
most animal species. A small therapsid, the cynodont, survived the disaster and became the 
ancestor of the mammals. The earliest mammals were small, nocturnal insectivores who lived 
in trees. They remained small and inconspicuous until the extinction of the dinosaurs, which 
occurred around 65 million years ago. The vacant ecological niches were quickly filled by 
mammals. Primates also began as small, nocturnal, tree-dwelling insectivores. Larger fruit¬ 
eating primates, with forward-facing eyes and larger brains, eventually evolved. 

The first hominids appeared in Africa around 25 miliion years ago, eventually evolving 
into four major species: orangutans, gorillas, chimpanzees, and humans. Our ancestors ac¬ 
quired bipedalism around 3.7 million years ago and discovered toolmaking around 2.5 mil¬ 
lion years ago. The first hominids to leave Africa, Homo erectus, did so around 1.7 million 
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years ago and scattered across Europe and Asia. Homo neanderthal is evolved in Western Eu¬ 
rope, eventually to be replaced by Homo sapiens, which evolved in Africa around 100,000 
years and spread throughout the world. By 30,000 years ago Homo sapiens had replaced 
Homo neanderthalis. 

The evolution of large brains made possible the development of toolmaking, fire build¬ 
ing, and language, which in turn permitted the development of complex social structures. 
Large brains also provided a large memory capacity and the abilities to recognize patterns 
of events tn the past and to plan for the future. Because an upright posture limits the size 
of a woman's birth canal and therefore the size of the head that passes through it. much of 
the brain's growth must take place after birth, which means that children require an ex¬ 
tended period of parental care. This period of apprenticeship enabled the developing brain 
to be modified by experience. 

Although human DNA differs from that of chimpanzees by only 1.2 percent, our brains 
are more than three times larger, which means that a small number of genes is responsible 
for the increase in the size of our brains. As we will see in Chapter 3, these genes appear to 
retard the events that stop brain development, resulting in a phenomenon known as neoteny. 

THOUGHT QUESTIONS 

1, What useful functions are provided by the fact that a human can be self-aware? 

How was this trait selected for during the evolution of our species? 

2, Are you surprised that the difference in the DNA of humans and chimpanzees is only 
1,2 percent? How do you feel about this fact? 

3, If our species continues to evolve, what kinds of changes do you think might occur? 


r Ethical Issues in Research with Animals 


Most oi the researcli descril)ed in this hook involves experi- 
inetuation oti livinfr animals. Any lime we use another species 
of aninials for our own purposes, we sliould be sure that whai 
we are duiu^ is botli hiimaue and wonliwbile. I believe that a 
good case can be made ihai reHearch on the phys^olog^' of be¬ 
havior (lualifies on both cuimis. Humane ireatineru is a matter 
of procedure. We know how lo maintain laboratory animals in 
good healili in coinl’ortablc, saniiary conditions. We know how 
to administer anesthetics and analgesics so that animals do not 
suffer during or after surgery, and we know liow to prevent in¬ 
fections with pioper surgical procedures and the use of antibi¬ 
otics. Most industrially develo]>ed societies have very strict 
regulations alxiut tlie care of animals and require approval of 
ihe experimental ])rt>cedures used on iliem. There is no excuse 
for misti eating animals in our care. In fact, the vast majority of 
laboratory animals rnc treated humanelv. 

We use animals foi many purposes. We eat their meat and 
eggs, and we drink tlieir milk: wv turn tfieii hides into leather; 
we extract insulin and other lioi mones from their organs to 
neat people's diseases; we train llieni to do useful work f>n 
farms or to entei tain us, Kven having a pet is a form of ex- 
ploiiaiion; it is we—not they—wlio decide dial ilievwill live in 
our homes. The fact is. we have been using other animals 
ihi oughout the hisun yofour species. 

Pet owning causes much more .sufTering among animals 
than scieiuinc l esearch does. .\s Miller (1983) notes, pet own¬ 
ers are not required to receive perniission from a hoard of 



Unlike pet owners, scientists who use animals in their 
research must follow stringent regulations designed to 
ensure that the animals are properly cared for. 
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cxj>ciIs liiai iiKliidcs a vererijiariati 10 house* Llicir pels, nor are ihev subjcci to peri¬ 
odic inspections to he sure iliai iheir homes are clean and sanitary, that tlieir pets 
liave encm^h space to exercise properly, or that their pets' diets are appropriate. Sci- 
eniihc researchers at e. Miller also notes that fifiy times more dogs and eats are kiileti 
hv humane societies each year becanse they liave been abandoned hy former pel 
owners ilian are used in scientifk research, 

Ha person believes that it is wrong to use another ainmal in anyway, regardless 
of the benefits to immans, there is notlTing anyone can say to convince liiin or lier 
of the ^alLle of scientific research with animals* For this person the Issue is closed 
(Vom the verv hegiiinitig* Moral ahsohaes cannot be settled U>gically: like religious 
beliefs, they can be accepted or rejected, hut they camtut he proved or disproved* 
Mv arguments in support of scientific research witli animals are based on an evalu¬ 
ation of the benefits the research has to humans. {We sliould also remember that re¬ 
search with animals often helps othn unlmuis; procedures used by veterinarians, as 
well as ilruse used hy physicians, come from suclt research.) 

Before describing the advantages of research with animals, let me point out that 
the use ol animals in research and teaching is a special target of animal riglils ac¬ 
tivists. Xicholl and Russell (1990) examined twenty-one books written by such ac- 
ti\ists and counted the number oi pages devoted to concern for different uses ol 
animals. Next, they compared the relative concern the authors showed foi these uses 
lo the numbers of animals actually involved in each of these categories. The results 
indicate that the authors showed relatively little concern for animals used for food, 
hunting, or furs, or for those killed in pounds. In contrast, although only 0.5 percent 
of the animals are used for research and education, 05,3 percent of the pages were 
devoted lo critici/ing this use. In terms of pages per million animals used, the au¬ 
thors devoted 0.08 to food, 9,23 to huming, 1.27 to furs, 1.44 to killing in pounds— 
and .58.2 to research and education. The authors ,showed 665 times more concern 
for research and educaiinn than for food and 281 times more than for hunting. E%en 
the use of animals for furs (which consumes nvcHhirds as many animals as research 
and education) attracted 41.9 limes less attention per animal. 

The disproponionate amount of concern that animal rights aciivists show to¬ 
ward the use of animals in research and education is puzzling, particularly because 
this is the one indisfmisahlt^ use of animals. We survive without eating animals, we 
cfui live without hunting, w'e can do without furs. But without using animals lor re¬ 
search and for training future researchers, we (unnoi make progress in understand¬ 
ing and treating diseases. In not too many years our scientists will probably liave 
developed a vaccine that will prevent the further spread of.\IDS, Some animal rights 
activists believe that preventing the deaths of laboratory animals in the pursuit of 
such a vaccine is a more woriliy goal than preventing the deaths of millions ol hu- 
tnans that will occur as a result of the disease if a vaccine is not found. Even diseases 
that we have already conquered would lake new victims if drug companies could no 
longer use animals. If they were deprived tif animals, these companies could no 
longer extract hormones used to treat human cliseases, and they could not prepare 
many of the vaccines tliat Tve now use to pre%em them. 

Our species is beset bv medical, mental, and behavioral problems, many of 
wliich can he solved only through biological research. Let us consider some ol the 
major neurological disorders. Strokes, caused by bleefling or occlusion ol a blood 
vessel within the brain, often leave people partly paralyzed, unable to read, write, or 
converse w ith their friends and familv. Basic research on the means bv which nerve 
cells communicate willi each other lias led to important disetneries about the causes 
of the death of brain cells. Tins research was not directed toward a specific practical 
goal; the potential benefits actually came as a surprise to the investigators. 

Experiments based on these results have shown that if a blood vessel leading to 
the brain is blocked for a few minutes, the part of the brain that is nourished by that 
vessel will die. However, the brain dainage can be prevented by first administering a 
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firug Lliiii imet iV'R'S willi a [Kniit iilar kiiui oJ neural cmnnuinicatian. I'liis researcli 
h ijTiporTani, because il may lead tu medical (reatmenis tliat can help lo adduce die 
brain damage caused by strokes, lint ii involves operating on a labmatoi v animal 
such as a l at and pincliing off a blood vesseL (Tfie animals are anesdieti/ed, ol 
course.) Some of the animals will snsiain brain damage, and all will be killed so ibat 
their brains can be examined. However, von will |>robablv agree dial researdi like 
this is just as legitimate as using animals Tor food. 

/Vs you will learn later in dns laiok, researeli widi laboratory animals bas pro- 
diteed imporiam discoveries abotn die possible causes or [>olenlial trcannents ui 
neurological anrl menial disorders, including IVirkinsoids disease, selii/oplirenia, 
manic-depressive illness, anxiety disorders, obsessive<«nnpulsive disorders, anorexia 
nervosa, obesity, and drug addictions, AUliougli much piogress has been made, 
lln^se proi>lems are still with ns, and they cause murh human sufiering. Ihiless we 
continue our research with laboratory animals, the problems will not be solved. 
Some ])eople have suggested iliat instead td using laboratorv animals in onr re¬ 
search, we cxvuld use tissue cultures or eomf^uters. Lnfbrtimatelv, neither tissue eiil- 
tnres nor eomputers are subsliiutes (or living organisms. We have no wav to studv 
behavioral problems such as addictions in tissue cultures, nor can \vc program a 
eonijjiiler lo simulate the workings o[ an animars nerv(>ussystem. (Ifwe could, that 
would mean that we already had all die answers.) 

This bt>ok w ill discuss some of die many important discoveries that have lielped 
to reduce fiuman suffering. Kor example, the discovery o( a vaccine for [>olio, a se¬ 
rious disea.se of the nervous system, involved the use ol rhesus monkeys. As you will 
learn in (Ibapter 4, I’arkinson's disea.se, an incurable, progressive neurological dis¬ 
order, has been treated foj years w ith a drug called r-DOPA, discovered through an¬ 
imal research, Nt>w, beeause of research with rats, mire, rahints, and monkevs 
siimulaiefl f)y the accidental poisoning ol several young people with a contaminated 
batch of synthetic lieroin, patients are being treated with a di ug that mav actually 
slow^ clown the rate of brain degeneration. Re.searchers have iiopes tliat a drug will 
lie found to prevent the brain degeneration altogether, 

Tlie easiest way to justify research with animals is to point lo actual and poieniial 
benefits to human health, as I have just done, How'ever, we can also jusiilv this re¬ 
search with a less practical, !>iit perhaps er|ually important, argument. One o( the 
tilings that characien/e onr species is a quest (or an undei standing of our world. For 
example, astnmoniers study the universe and try to uncover its mysteries. Fven if their 
discov-eries never lead to practical benefits such as better drugs oi faster metliods of 
transportation, the i'aci that they enrich cmr understanding o('tlie beginning and the 
(Ute of our universe Jnsiine.s their efforts. The pursuit of knowledge is iiself a worth¬ 
while endeavor. ,Surely, the attempt Uj understand the tun verse within us—onr tier- 
vous system, vvhidi is respotisible for all that we aie or can be—is also valuable. 
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W'liai is pliysiological psychology, and what do physitjlogical psychologists do? Bv the 
lime you (Intsh tliis book, yon will have as complete an answer as I can give Uj these 
questions, but perhaps it is wortlnvhile for me to describe the field and careers that 
are open to those who s[K‘c[ali/e in it ]>efore we begin our study in earnest. 

Physiological psychologists study all befiavioial phenomena that can be of)- 
served in nonhuinan animals. They alienipl to nnclerstand the pbvsiologv ofheliav- 
ior: the n>le of tlie nervous system, tniei acting with the rest ofihe bodv (especially 
the endocrine system, w^iieh secretes hormones), in controlling behavior. They sttuly 
such topics as sensory processes, slee|>, emotional behavior, ingesiiv'c lx‘havior, ag¬ 
gressive behavior, sexual hehavitir, |>arental behavior, and learning and memory. 


physiological psychologist A 
scientist who studies the physiol¬ 
ogy of behavior, primarily by per¬ 
forming phys^olog^cai and 
behavioral experiments with labo¬ 
ratory animals. 
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Tliev also sLiidv animal models of disorders that alilirt liumatis* sncti as anxiety, 

4 J ' 

depression, ol)sessions and comjiulsions, phobias, psyehosomatic illnesses, and 
sehi7.o[>hrenia* 

Although physiological psychology is the original name for this Held, several 
Ollier terms are now in general use, such as hio/n^iral fixyriiology, hiol/syrholi^^, psy- 
rhohioh^\ and Mtaviom/ rtriumdma'. Most professional physiological [jsyehologisis 
have received a Phd). Irom a graduate program in psyeholog\^ or fn>m an intcrdis- 
ciplinarv program. (Mv own iiiiiversitv awards a Plid), in Netiroscience and Behav¬ 
ior, ITu^ program incittdes fUculiy members f rom die depai tmenls of psycholog)', 
biolttg)', biociiemistry, exercise science, and coni]>uier science.) 

Pbvsiological psvchoh>g)' belongs to the larger llekl of netnosriftiff. Neiiroscieii- 
lists conctu Ti themselves with all aspects of the nervous system: its anatomy, chem¬ 
istry, physioiog)', development, and hinctioning. The research of netinjscientlsts 
ranges from die study of moleetilar genetics to the study cjf social behavior, Tlie field 
has grow'Li enormt>usly in the last few' years: meetings of the Society for Neuroscience 
are attended hv well over i wen tv iltotisand members and graditate students. 

Most professional physiological psychologisls are employed by etdleges and uni¬ 
versities, where they are engaged in leaching and reseai ch. Others are employed by 
instimucms devoted n> research—lor example, laboratories owned and o[xa'aied bv 
national governments or by j^rivate pbilanihiopic organi/.ations. A few work in in- 
diisirv, usually for pharmaceutical companies that ai e interested in assessing the ef¬ 
fects oldrugs on belnnior. To become a professor or independent researchei, one 
must receive a doctorate—usually a Ph.D,, ahhotigli some people turn to researeh 
after receiving an Md>. Nowadays, most phvsiulogjcal psychologists speufl two years 
in a temporary postdoctoral position, working in the laboi atory of a senior scientist 
lu gain more researcli experience. During this time, they write articles describing 
tlteir research findings atid sui:>mit them for publication in scientific jonritals, Tliese 
pttblications are an important factor in obtaining a ] 3 ermaneiU ]M>sition. 

Two other Helds often twerlaj) with iliat of physiological psychology: neurology 
and exf/erimeufal in^Hrofis\rholag)\ Nettrologisis aic plivsiciaiis involved in ilie diagno¬ 
sis and treattiiein ol diseases ofThe nervtnis system. Most neurologists are solely in¬ 
volved iti the practice oi' medicine, but a few engage in research devoted to 
advancing our understanding of the [thysiology of behavior. They study the l)ehav- 
ior of jieople whose brains have been damaged by natural causes, using advanced 
brain-scanning devices to study the activity of various regions of the brain as a sttl>- 
jeci ()ar tic i pates in various behaviors. This research is also carried out by ex [ter i- 
mcntal neuro]>svclndogists—scientists w^ith a Ph.D. in psychr>logy' and specialized 
training tn the principles and procedures of ticurology'. 

Not all people who arc engaged in neurosciejice research have cloctoi al degrees, 
M;my research teclinicians perfeuin essential—and intellectnally rewurdittg—ser¬ 
vices for the scientists w'ith wliom they work. Soiue of these technicians gain eitotigb 
experience ami education on the job to enable them to collahoi ate with tbeii' em¬ 
ployers on their research projects rather titan simply work lor them. 
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Ethical Issues in Research with Animats 

Research on the physiology of behavior necessarily involves the use of laboratory animals. It 
is incumbent on all scientists using these animals to see that they are housed comfortably 
and treated humanely, and laws have been enacted to ensure that they are. Such research 
has already produced many benefits to humankind and promises to continue to do so. 

Physiological psychology (also called biological psychology, biopsychology, psychobiol¬ 
ogy, and behavioral neuroscience) is a field devoted to our understanding of the physiology 






of behavior. Physiological psychologists are allied with other scientists in the broader field 
of neuroscience. To pursue a career in physiological psychology (or in the sister field of ex¬ 
perimental neuropsychology), one must obtain a graduate degree and (usually) serve two 
years or more as a "postdoc"—a scientist pursuing further training* 

THOUGHT QUESTION 

Why do you think some people are apparently more upset about using animals for re¬ 
search and teaching than about using them for other purposes? 


i 
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The brain is a ccnnpltcaiod orj^an. Alter all, i( is responsible Ibr all our abiliiivs and 
all our complexilies. Scionusis have been siudying ibis organ Tor a good many velars 
and (es[>ccially in recent years) liavc been learning a lot about how it works* It Is ini- 
[iossible tt> suniinan/.e this progress in a fbw simple sentences; therelVne, this book 
contains a lot of inrormation, 1 have trierl to oigani/e this inforiuatioii logically, 
telling yon what yon need lo know in the order yon need to know it. (After all, to un¬ 
derstand some ihings, yon need to understand other things llrst.) I have also tried 
to write as clearly as possible, making my examples as simple and as vivid as I can. 
Siilk you canntn expect to master the information in this book by simply giving it a 
passive read; you will have to do some work* 

Learning about tlie pbysiolog\^ oflH'havior involves imieh more lhan mernori/- 
iiig facts, C>[‘course, there c/rc facts to be memori/ed: names of parts oi die nei voiis 
system, names of chemicals and drugs, scientific terms for particidar phenomena 
and procedures used to investigate lliem, and so on. Bui the quest for information 
is mnvhere near compieied; we km)w only a small fraction ofWtiai we iiave to learn* 
Atui almost certainly, many of the "facts" that w'e now acce])l will someday bt^ shown 
to be ineoi reci. If'all voti flo is learn facts, where will von be when these (acts are 
revised? 

The antidote to ol^sole.sceiiee is knowledge oj tlie process liy wiiicb laeis are ol> 
tained. In science, facts are the conclusitins scientists make about iheir olxsery ations. 
Il yon learn only the conclusions, obsolescence is almost gnaranieed* Yon will have 
lo remembei-which conclusions are overuirned and what the new conclusions are, 
and that kind of' role learning is hard to do. But ii‘ yon leai ii about the research 
strategies the scientists use, the observations they make, and the reasoning that leaf Is 
to the conclusions, von will develop an nnderstaiKling that is easily revised when new 
o[>servati(>ns (and new “hicts") emerge, ffyon understand what lies behind ilie con¬ 
clusions, ifien yfHi can incorporate new irdbriiiation into wlial von alrvadv know and 
revise these conclusions yourself 

In recognition of these realities about learning, knowledge, and the scieiuific 
method, this bt>ok presents not Just a collection of facts, [>nt also a descri[)tion of the 
proceflnres, expeiimems, and logical reasoning that srieniisis have used in their at¬ 
tempt lf> understand the physiology of I lehavkn: li', in the interest of expediency, yon 
Icx iis on the coin Insions and ignot'e the process that leads to them, vou nm the risk 
of acquiring informaiion that will quickly become nb.solele. On liie other band* if 
yt>u try to understand the experiments and see how the conclusions follow from the 
resit I is, yon will acquire knowledge that lives and grtms* 

Now let me offer some pi aclical aflvice about stuflying* Von have been studying 
ilironghcnit your academic career, a ltd y<m have imdonbtedlv learned some useful 
strategies along the way. Even if you have develo[>ed eifieienl and effeclive sukIv 
skills, a I least consider tlie possibility that there migln be some ways lo improve them, 

n possil)le, tlie first reading ol the assignment should be as uihiuerrupted as von 
can make it: tlial is, reati the chapter without worrying much about remember ing 
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clclails, NrxL ill lor tlic first class iiiroliii^ cicvutocl In I hr 1npic\ reufl tlic assign men l 
attain iti rarnfst. Use a pen ni jxmcil as you making notes, ihml use a hlghTighln: 
Sweeping the fell lip of a Ihglillglitei acjoss some words on a page provides some in- 
slant gradiieation; you can even imagine dial die Inglilighied words ai esomeliow l.ie- 
Ing transferred to yuuv knowledge base. Yon have selected w'hat is imporianu and 
when yon review die reacling assignmeiii yon have only to reatl the liighlighiefl 
words. Bin this is an illusion. 

Be active, noi passive. Force yourself lo write down wliole words and plirases. I’lie 
act oi putting the inldrmaiion into your <wvn wf>rds will not only give you someihing 
to siudv sliorilv before the next exam t)ut also put stJinelhing into your fiead (wliich 
is helpful at exam time). Losing a higlilighiei^ puis tif f ihe learning until a later date; 
rephrasing the information in voiir own words starts tlie learning process righf fhrti. 

A gotxl way to get voiirself to pin die inrorinalifni into your own woi’ds (and 
thus into vom own brain) is tti answer die questions in the study guide. If you can¬ 
not answer a ejuestitm, look up the answer in the hook, close the hook, and write the 
answer tlown. Tlie plirase close the ho<fli is important. IT you the answer, you will 
t;ei verv little out of tlie exercise. However, if vtni make vtjiirself remember the in- 
Idi inalion long etunigh to write it down, you have a good chance of rcmemhei iiig it 
later. The im[)onance of the study gnitlc is fioi to have a set of short answers in your 
own hanthvriting that voucan studv before tlie quiz. The behaviors that lead to long¬ 
term learning are doing enough thinking about the material to summarize it in yonr 
own w'ords, then going ihi^ough tlie mechanics ofwriLing those wnixls d<wvn. 

Before von begin reading the next chapter, lei me say a few things aijcmi the de¬ 
sign of the htjok that might help yon wiili youi‘ studies. Fhe text and illusiralions are 
iiilegraiefl ascloselv as possifile. In tiivexperience> one of the most annoying aspects 
of reading some hooks is not knowing when to look at an illnstraiion. Thei efore. in 
this book von will lint! ilgiire refciences in boldfaced italics (like this: Figure 5.6), 
w'hicli means "stop reatling and look at the figure." 1 hese references ap]iear in lo¬ 
cations 1 think w^ill he optimal. If yon look away from the text then, yon will be as¬ 
sured that you will not he interrupting a line of reasoning in a ciaidal place and w ill 
not have to reread several sentences to gel going again. You will find sections like 
this: ""Fignre 4.1 shows an alligatt>r and a human. This alligator is certainly laid out 
in a litiear fashion; we cati draw a siraigln line that starts between its eyes and con- 
linues down the center of its spinal cord. (See Figttre 4.1.)" Thh particular example 
is a II iviai one aiul will give vou no problems no matter when you look at the hgnre. 
But in Ollier cases the material is more complex, and you will have less trouble 11 yon 
know' w hat to look for before yon slop reading and examine the illuslraiion. 

Vou will notice that some words in the text are itallrizf^d and <jthers are pi in ted 
in boldface. Italics mean one of two ihings: Kitlier the wtncl is being siressed for eni- 
pliasis and is not a new term, or I am poiniing om a new lerni that is not necessary 
for von lo learn. On tlie tiiher liand.a word in boldface is a new term that you should 
try to learn. Most of the luddfacetl terms in ihe text arc part of llie vocabulary of the 
physiological psychologist. Often, they will be used again in a later chapter. As an aid 
to your siudying, definiiions of these terms are primed in ilie margin <il the J^age, 
along with ])n>mmciaiion guides for tlmse terms w4iose pronunciation is lUK ohvb 
ons. In atldition, a compndiensive index at the end of die hook jirovides a list oi 
terms and tojiics, wiih f>age refdrenees. 

At ihe end of each major section (there are usually three to live td ilieni in a 
chapter) von will find an hiterim StinutKtry, wiiicli provifles a place idi you to slop and 
think again aboul what yon have just read to make stire that you understand the di¬ 
rection in which the discussion has gone. Many interim summaries are Idllow’ed by 
some ihonghi questions, w hich may serve to stimulate your thongiils aht>nt what you 
liave learned and apply them lo questions that have noi yet been answered. Taken 
togelher. these sections provide a tleiaiicfl summary of the informaiion introduced 
in the c hapier. My students tell me that they review the interim summaries just be¬ 
fore lakine a test. 
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Okay; the preliniinanes arc over. Tlic next chapter starts with stmictliiii^ vou can 
sink yoin- (metaphorical) tectli inio: the strnnnre and functiorrs of neurons, the 
most important elements of the nervous svsiein. 


EPILOGUE 


Models of Brain Functions 


Rene Descartes had no way to study the 
operations of the nervous system. He 
did, however, understand how the stat¬ 
ues in the Royal Gardens at Saint- 
Germain were powered and controlled, 
which led him to view the body as a 
complicated piece of plumbing. Many 
scientists have followed Descartes's ex¬ 
ample, using technologicaf devices that 
were fashionable at the time to explain 
how the brain worked. 

What motivates people to use artifi¬ 
cial devices to explain the workings of 
the brain? The most important reason, I 
suppose, is that the brain is enormously 
complicated. Even the most complex hu¬ 
man inventions are many times simpler 
than the brain, and because they have 
been designed and made by people, 
people can understand them, if an artifi¬ 
cial device can do some of the things 
that the brain does, then perhaps both 
the brain and the device accomplish 
their tasks in the same way. 

Most models of brain function devel¬ 
oped in the fast half of the twentieth 
century have been based on the mod¬ 
ern, general-purpose digital computer* 
Actually, they have been based not on 
the computers themselves but on com¬ 
puter programs. Computers can be pro¬ 
grammed to store any kind of informa¬ 
tion that can be coded in numbers or 
words, can solve any logical problem 
that can be explicitly described, and can 
compute any mathematical equations 
that can be written. Therefore, in princi¬ 
ple at least, they can be programmed to 
do the things we dor perceive, remem¬ 
ber, make deductions, solve problems. 

The construction of computer pro¬ 
grams that simulate human brain func¬ 
tions can help to clarify the nature of 
these functions. For instance, to con¬ 
struct a program and simulate, say, per¬ 
ception and classification of certain 
types of patterns, the investigator is 


forced to specify precisely what Is re¬ 
quired by the task of pattern percep¬ 
tion. If the program fails to recognize 
the patterns, then the investigator 
knows that something is wrong with the 
model or with the way it has been im¬ 
plemented in the program. The investi¬ 
gator revises the model, tries again, and 
keeps working until it finally works (or 
until he or she gives up the task as be¬ 
ing too ambitious). 

Ideally, this task tells the investigator 
the kinds of processes the brain must 
perform. However, there is usuahy more 
than one way to accomplish a particular 
goal; critics of computer modeling have 
pointed out that it is possible to write a 
program that performs a task that the 
human brain performs and comes up 
with exactly the same results but does 
the task in an entirely different way. In 
fact, some say, given the way that com¬ 
puters work and what we know about 
the structure of the human brain, the 
computer program is guaranteed to 
work differently. 

When we base a model of brain 
functions on a physical device with 
which we are familiar, we enjoy the ad¬ 
vantage of being able to think con¬ 
cretely about something that is difficult 
to observe. However, if the brain does 
not work like a computer, then our 
models will not tell us very much about 
the brain. Such models are constrained 
{"restricted") by the computer 
metaphor; they will be able to do things 
only the way that computers can do 
them, if the brain can actually do some 
different sorts of things that computers 
cannot do, the models will never con¬ 
tain these features. 

In fact, computers and brains are fun¬ 
damentally different. Modern computers 
are serial devices; they work one step at 
a time. {Serial, from the Latin sererei "to 
Join," refers to events that occur in or¬ 


der, one after the other.) Programs con¬ 
sist of a set of instructions stored in the 
computer's memory. The computer fol¬ 
lows these instructions, one at a time. 
Because each of these steps takes time, a 
complicated program will take more 
time to execute. But we do some things 
extremely quickly that computers take a 
very long time to do. The best example is 
visual perception. We can recognize a 
complex figure about as quickly as a sim¬ 
ple orie; for example, it takes about the 
same amount of time to recognize a 
friend's face as it does to Identify a sim¬ 
ple triangle. The same is not true at all 
for a serial computer. A computer must 
"examine" the scene through an input 
device something like a television cam¬ 
era. Information about the brightness of 
each point of the picture must be con¬ 
verted into a number and stored in a 
memory location. Then the program ex¬ 
amines each memory location, one at a 
time, and does calculations that deter¬ 
mine the locations of lines, edges, tex¬ 
tures, and shapes: finally, it tries to de¬ 
termine what these shapes represent. 
Recognizing a face takes much longer 
than recognizing a triangle. In fact, even 
the best computer programs do a terri¬ 
ble job in recognizing faces. 

Unlike serial computers, the brain is 
a parailel processor, in which many dif¬ 
ferent modules (collections of circuits of 
neurons) work simultaneously at differ¬ 
ent tasks. A complex task is broken 
down into many smaller ones, and sepa¬ 
rate modules work on each of them. Be¬ 
cause the brain consists of many billions 
of neurons, it can afford to devote dif¬ 
ferent clusters of neurons to different 
tasks. With so many things happening at 
the same time, the task gets done 
quickly. 

Very recently, researchers have 
turned the tables and have begun 
developing models of computeris that 
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resemble the oervous system. The ele¬ 
ments of these computers are based on 
nerve cells, and the rules that govern 
the way they interact are based on the 
rules you will learn about in Chapter 2. 
Furthermore, instead of programming 


these models to perform a functioa 
searchers give them information that 
permits them to learn, just as a real 
brain does. Someday, we may even see 
organic computers, using materials simi¬ 
lar to those found in the body; scientists 


are developing polymers (special organic 
compounds) that can take over the func¬ 
tions of the silicon chips used in the in¬ 
tegrated circuits that make up present- 
day computers* 


Y KEY CONCEPTS 1 


UNDERSTANDING HUMAN CONSCIOUSNESS: A 
PHYSIOLOGICAL APPROACH 

1. Pliysioln^icai psycliolugisLs believe ihai The mind is a 
fimcnon perfornied by I lie iirain* 

2, Siudy ol hum an brain t'uiielions has heljX'd ns gain 
some insighi into the nature of human conscious¬ 
ness, wliich apf>ears to be related to the language 
f unctions of liie brain. Tins cliapier described one ex¬ 
ample, die effects of the spUi-brain operation. 


the relaiions between brain mechanisms, behaviors, 
and an organism's adaptation to its environrneni. 

(). We owe our stains as the dominant species to onr 
bipedal stance, our agile liaiids, unr excellent vision, 
and the belun ioi al and cxignitive abilities prtn ided l)y 
our large, complex brains, which enable ns to adapt 
to a wirle variety tif environments, exploit a wide vari¬ 
ety of resources, and, with ibe development of lan¬ 
guage, form large, complex communities. 


THE NATURE OF PHYSIOLOGICAL PSYCHOLOGY 


Scientists attempt to explain natural phenomena bv 
means of generalizatK)n and reduction. Because 
]:)hvsic)logical jjsvchologists use the metliods of psv- 
cholog) and f>bvstolog\^ thev employ bodi types of 
explanations. 

4, Descartes developed the llrsi model to explain how 
the brain controls movement, based on tlie animated 


statues in the royal gardens. Subset]uentlyv investiga¬ 
tors tested their ideas with scientific exjjeritiients. 


NATURAL SELECTION AND EVOLUTION 

a. Darwins theory of evolution, with its emphasis on 
function, lielps physiological psychologists discover 


ETHICAL ISSUES IN RESEARCH VtffTH ANIMALS 

7, Sc lent ilk’ researcli with animals has laugln us most of 
wliai we know about the lunctions of the body, in¬ 
cluding that of"die nervous system. This knowledge is 
essential in developing wavs to prevent and treat neu¬ 
rological and mental disorders. 


CAREERS IN NEUROSCIENCE 

8. Plivsiological psvchologisLs study ilie physiology of be¬ 
havior by performing research with animals. They use 
the research metlnids and findings of other neuro¬ 
scientists i»i piirsnit oftheii’ particular interests. 
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LEARNING OBJECTIVES 
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1 , Name and describe the parts of a neuron and explain their functions. 

2. Describe the supporting cells of the central and peripheral nervous systems and 
describe and explain the importance of the blood-brain barrier. 

3* Briefly describe the neural circuitry responsible for a withdrawal reflex and its 
inhibition by neurons in the brain. 


■ Cells of the Nervous 
System 

Neurons 

Supporting Cells 
The Blood-Brain Barrier 

INTERIM SUMMARY 

■ Communication Within 
a Neuron 

Neural Communication: An 
Overview 

Measuring Electrical Potentials 
of Axons 

The Membrane Potential: 
Balance of Two Forces 

The Action Potential 

Conduction of the Action 
Potential 

INTERIM SUMMARY 

■ Communication 
Between Neurons 

Struaure of Synapses 

Release of the 
Neurotransmitter 

Activation of Receptors 

Postsynaptic Potentials 

Termination of Postsynaptic 
Potentials 

Effects of Postsynaptic 
Potentials; Neural Integration 

Autoreceptors 

Axoaxonic Synapses 

Nonsynaptic Chemical 
Communication 

INTERIM SUMMARY 


[ 4. Describe the measurement of the action potential and explain how the balance 

between the forces of diffusion and electrostatic pressure is responsible for the 
membrane potential. 

5. Describe the role of ion channels in action potentials and explain the all-or-none 
law and the rate law. 

6. Describe the structure of synapses, the release of neurotransmitter, and the 
activation of postsynaptic receptors. 

7. Describe postsynaptic potentials: the ionic movements that cause them, the 
processes that terminate them, and their integration. 

8- Describe the role of autoreceptors and axoaxonic synapses in synaptic 
communication and describe the role of neuromodulators and hormones in 
nonsynaptic communication. 















PROLOGUE 


Unresponsive Muscles 


Kathryn D. was getting desperate* All 
her life she had been healthy and active, 
eating wisely and keeping fit with sports 
and regular exercise. She went to her 
health club almost every day for a ses¬ 
sion of low-impact aerobics, followed by 
a swim. But several months ago, she be¬ 
gan having trouble keeping up with her 
usual schedule. At first, she found her¬ 
self getting tired toward the end of her 
aerobics class* Her arms, particularly, 
seemed to get heavy. Then when she en¬ 
tered the pool and started swimming, 
she found that it was hard to lift her 
arms over her head; she abandoned the 
crawl and the backstroke and did the 
si destroke and breaststroke instead. She 
did not have any flulike symptoms, so 
she told herself that she needed more 
sleep and perhaps she should eat a littfe 
more. 

Over the next few weeks, however, 
things only got worse. Aerobics classes 
were becoming an ordeal. Her instruaor 
became concerned and suggested that 
Kathryn see her doctor. She did so, but 
he could find nothing wrong with her. 
She was not anemic, showed no signs of 
an infection, and seemed to be well 
nourished* He asked how things were 
going at work. 

"Well, lately I've been under some 
pressure," she said. "The head of my de¬ 


partment quit a few weeks ago, and I've 
taken over bis job temporarily. I think I 
have a chance of getting the job perma¬ 
nently, but I feel as if my bosses are 
watching me to see whether I'm good 
enough for the job." Kathryn and her 
physician agreed that increased stress 
could be the cause of her problem, "I'd 
prefer not to give you any medication at 
this time," he said, "but if you don't feel 
better soon we'll have a closer look at 
you," 

She dfd fee! better for a while, but 
then all of a sudden her symptoms got 
worse. She quit going to the health club 
and found that she even had difficulty 
finishing a day's work. She was certain 
that people were noticing that she was 
no longer her lively self, and she was 
afraid that her chances for the promo¬ 
tion were slipping away* One afternoon 
she tried to look up at the clock on the 
wall and realized that she could hardly 
see—her eyelids were drooping, and her 
head felt as [f it weighed a hundred 
pounds. Just then, one of her supervi¬ 
sors came over to her desk, sat down, 
and asked her to fill him in on the pro¬ 
gress she had been making on a new 
project. As she talked, she found herself 
getting weaker and weaker. Her jaw 
was getting tired, even her tongue was 
getting tired, and her voice was getting 


weaker. With a sudden feeling of fright 
she realized that the act of breathing 
seemed to take a lot of effort. She man¬ 
aged to finish the interview, but imme¬ 
diately afterward she packed up her 
briefcase and left for home, saying that 
she had a bad headache. 

She telephoned her physician, who 
immediately arranged for her to go to 
the hospital to be seen by Dr, T,, a neu¬ 
rologist. Dr. T, listened to a description 
of her symptoms and examined her 
briefly. She satd to Kathryn, 'T think I 
know what may be causing your symp¬ 
toms. rd like to give you an injection 
and watch your reaction," She gave 
some orders to the nurse, who left the 
room and came back with a syringe. Dr, 
T. took it, swabbed Kathryn's arm, and 
injected the drug* She started question¬ 
ing Kathryn about her job. Kathryn an¬ 
swered slowly, her voice almost a whis¬ 
per. As the questions continued, she 
realized that it was getting easier and 
easier to talk. She straightened her back 
and took a deep breath. Yes, she was 
sure. Her strength was returning! She 
stood up and raised her arms above her 
head, "Look," she said, her excitement 
growing, "I can do this again. I've got 
my strength back I What was that you 
gave me? Am I cured?" 


T he brain is ilie organ tliat moves [fie miiseles, Tfiat miglit sound simplistic, bin 
ultimately, movement—oi, more accuraiely. heliavior—is ilie primary [miciitni 
ofilie nervous system. To make iisejul movements, tlie Irrain must know what 
is happening (>uiside, in the environment. Urns, tlie body also contains eells that are 
speciali/ed Tor deteeiing taivironmenial events. Oi’course, complex animals such as 
we do not react automatically to events in <Kir envij'onmeni; our brains are flexible 
enough that we beliave in dilfereiit ways* aecoi'diug to present eireiimstances and 
those we experienced in the past. Besides peireiving and acting, we can rememl>er 
and decide. All these abilities are made pt^ssible ljy the Ihllioiis cells round in the 
netsvsieiii (u controlled l.n them. 

* j 

This chapter describes tlie sirncuire and hinciioiis ol’ilie most im]>ortaiU cells of 
the nervous svsieni, hdbi ination, in ihe form of light, sound waves, <jdors, tastes, or 
contact wilii objects, isgatluaed from the environment by specialized cells called sen¬ 
sory neurons. Movememsare accomplished by die ctiniraclioii ormnscles, which are 
controlled hy motor neurons. (f lic term mutorls used here in its original sense to re¬ 
fer to movement, not to a mechanical engine.) Anti in between sensory neuj-onsand 
motor neurons come the interneurons—neurons that he emirelv within tlie central 


sensory neuron A neuron that 
detects changes in the external or 
internal environment and sends 
information about these changes 
to the central nervous system 

motor neuron A neuron located 
within the central nervous system 
that controls the contraaion of a 
muscle or the secretion of a gland. 

interneuron A neuron located 
entirely within the central nervous 
system. 
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Ncrvt>tis system. inlnneurons form tirniits with iicarl)v neurons and analv/e 

a • * 

small [>ieces of information connect circuiLs of local inierneurons 

It} one region ol ilie brain with those in otlier regions. Through tliese connections, 
circtiits olTieurojis ihroughoui ihe brain perform fuiieiions essential to tasks sticl) 
as peireiving, learning, remembering, deciding, and controlling complex behaviors, 
I low many neurons ai e there in the lumian nervous system? I have seen estimates 

4 -t 

of between I Of) billion and 1000 billion, bill no one has counted them yet. 

To understand how the nervous system controls behavior, we must first under- 
stand its parts—-the cells that compose iu Because this chapter deals willi cells, ymi 
need not be familiar with the structure of the nervous svsiem, which is presented in 
(Uiapier 3, I-hwevei; vou need to know that the ner\()us system consists of two basic 
divisions: the central nervous system and the periphei al nervous sysiem. The central 
nervous system (CNS) consists o[ the pans that are encased liy the bones of’the skull 
and spinal column: the brain and the spinal conk F he peripheral nervous system 
(PNS) is hunKl outsicle these liones and consists ofTlie nerves and inosl of tlie sen¬ 
sory organs. 


i 


Cells of the Nervous System 


Tlie first part of this cliapier is devoted to a description of tlie most iinponani cells 
of tile nervous system—neurons ami their su[iporting cells^—aiitl to the blood—brain 
barrier, which provides neurons in ihe central nervous system willi chemicai ist>la- 
tion frt>ni the rest of the body. 


See Animation 2,h Neu 
rons and Supporting 
Cells, for an Interactive 
tutorial on the information pre¬ 
sented in the following seaion. 



central nervous system (CNS) 
The brajn and spinal cord. 

peripheral nervous system 
(PNS) The part of the nervous sys¬ 
tem outside the brain and spinal 
cord, including the nerves attached 
to the brain and spinal cord 

soma The cell body of a neuron, 
which contains the nucleus^ 

dendrite A branched, treelike 
structure attached to the soma of 
a neuron; receives information 
from the terminal buttons of 
other neurons. 

synapse A junction between the 
terminal button of an axon and 
the membrane of another neuron. 

axon The long, thin, cylindrical 
structure that conveys information 
from the soma of a neuron to its 
terminal buttons. 


Neurons 

Basic Structure 

The neuron (nerve cell) is die informal ion-processing and inronnation-trans- 
mitnug element oflhe nervous system. Neurons come in many shapes and varieties, 
according to the speciali/ed jobs they perform. Most neurons have, in one form or 
anoihei, the following four structures or regions: (1) ceil body, or suma; (2) clen¬ 
ch lies: (3) axon; and (4) terminal himons, (See Animatton 2J, Neurom and Support¬ 
ing Ceils.) 


Soma. The soma (cell body) contains the nucleus and nmch of die machiuei y 
that provides for the life processes of the cell. (See Figure 2,/.) Its shape varies coiu 
sidei ablv in different kinds of neurons. 


Dendrites. Deuflton is the Greek word for tree, and the dendrites oflhe neurt>n 
look vei V much like trees. (See Figt4re 2,/.) Neurons ''converse'' with one another, 
and dendrites serve as important recipients these messages. The messages that 
]>a.ss from neuron to neuron are transmitted acros.s the synapse, a Junction between 
tlie terminal huucms (describeti later) of tlie sending cell and a jmrtion of the so¬ 
matic or rlendiTtic membrane of die receiving cell, ( fhe word synaftsr devwcs from 
the Cheek 'ho join together.*') Ctmummicalioii at a .synapse procec‘ds in 

one direction: from the terminal button to the membrane of llie other cell, (l.ike 
manv genera! rules, this one has some exceptions. As we will see in Chiapier 4, some 
synapses pass infonnaiion in both directions.) 

Axon. Tlie axon is a long, slender tube, often covered bv a mytdiji shrath. (Tlie 
iinelin sheath is describeci later.) The axt)n canies inroniiation from the ceil body 
to the terminal buttons. (See Figure 2J.) The basic message li carries is called an ac- 
iiofi /MHenllfil. This f unction is an important one and will be described in more detail 

















Ceils of the Nervous System 


Figure 2.1 

The principal parts of a multipolar neuron. 




Myelin sheath 


Terminal 

buttons 




multipofar neuron A neuron 
with one axon and many den¬ 
drites attached to its soma. 

bipolar neuron A neuron with 
one axon and one dendrite at¬ 
tached to its soma. 


Axon (inside/ 
myelin sheath) 



Direction of 
messages 



unipolar neuron A neuron with 
one axon attached to its soma; 
the axon divides, with one branch 
receiving sensory information and 
the other sending the information 
into the central nervous system. 


Iait*r in tlio cliaptcr. For now. i! suffUx's to .sav tlial an ac¬ 
tion j^otcMitial is a brief eleciricai/clieniical event that 

starts at the end of the axon next to the cell hodvand trav- 

* 

els Kjward the terminal bin tons. The action potential is 
like a brief pnlse; in a given axtm ihc^ anion potential is 

alwavs of tlie same size and duration. \Mien tt reaches a 

* 

jjoini where the axon bra ei dies, it s[>lils btil does not di¬ 
minish in si/e. Each branch receives a action 

potential. 

l.ike dendrites, axons and their branches ccmie in dif- 
(erem sliapes. In fact, the three principal types ofhieurnns 
are classilled according io lfie way in which their axons 
a Eld dendi'ites leave the soma. The neuron deptcied in 
Figure 2.1 is the mo.st coiiiuioii ivpe found in the central 
nervous system: it is a Tniiltipolar neuran. In iliis tvpe of 
iieunm the somatic meuibi aue gives rise in one axon but 
to the trunks of many dendritic trees. 

Bipolar neurons give rise io one axon and one den¬ 
dritic tree, at opposite ends oldhe soma. (See Figure2,2a,) 
Bipcilar ueiErons are usually sensorv; diat h, their den¬ 
drites detect events occurring in the environment and 
cfimmunicate in form at ion about these events U) the ceu- 
iral nervous svsiem. 

The third type of rierve cell is the unipolar neuron. It 
has onlv one stalk, wlhcli leaves the stana and tlivides into 
two branches a short distance away. (See Figitre 2,2h,) 
Unipolar neurons, like bi|3olar neurons, transmit sensory 
information from the envirotimetit to the UNS. The tree¬ 
like branches outside I lie ("NS are dendrites that detect 
sensorv information. The brandies on the end ol the axon 
within the CNS end in tei Euinal bintons. The tlendrites of 
most unipolar nenronsdetect touch, temperature changes. 


Figure 2.2 

Neurons, (a) A bipolar neuron, primarily found in sensory systems 
(for example, vision and audition), (b) A unipolar neuron, found 
in the somatosensory system (touch, pain, and the like). 


Cilia are sensitive 
to physical stimuli 


Receptor 

Dendrite 


Axon 



Soma of 
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terminal button The bud at the 
end of a branch of an axon; forms 
synapses with another neuron; 
sends information to that neuron. 

neurotransmitter A chemtcal 
that IS released by a terminal but¬ 
ton; has an excitatory or inhibitory 
effect on another neuron. 

n^embrane A structure consist¬ 
ing principally of lipjd molecules 
that defines the outer boundaries 
of a cell and also constitutes many 
of the cell organelles. 

cytoplasm The viscous, semi- 
liquid substance contained in the 
interior of a cell 


Figure 2.3 

Nerves. A nerve consists of a sheath of tissue that encases 
a bundle of individual nerve fibers (also known as axons). 
BV blood vessel; A = individual axons. 


Touch, temperature changes, pain, and other sensory events that affect the skin are detected by 
the dendrites of unipolar neurons. 


and olhtn’ .senst>rvc\onls iliat affect the skin. Oiher unipolar neurons detect events in 
ouf joints, inuscTes, and iniei nal orj^ans. 

rhe ceniral nervous system communicates with the rest of’ tlic body thrt>ugh 
nerves atiaclied to die lirain and to the spina! cord. Nertes are btiiulles ol many 

dionsands of individual libers, all wrapped in a lougln protec¬ 
tive membrane. Under a microstope nerves look something 
like telephone cables, with ilieir bundles of wires. (See Fi^tre 
23.) Like the individual wires in a teleplione cable, nerve fibers 
trailsmit messages through tlie nerve, from a sense organ to 
ilte Inain or from the braiti to a miisele or gland. 


From Tissues and Organs: A Texf-Ate of Scanning E/eefrorr 
Microscopy, by Richard G. K esse I and Randy H Kardon. Copyright 
© 1979 by W. H Freeman and Co. Reprinted by permission 


Terminal Buttons. .Most axons divide and branch many 
t imes. Ai the ends of the twigs are found little knobs eallecl ter¬ 
minal buttons. (Some neiirosciemists jirefer die original 
French wtncl hnuion, and oiheis sim]:>ly reier to them as fenni- 
nnls.) rerminal buttons have a very s[>ecial f hue lion: \\'hen an 
action [XJleiuial iravtfling down the axon reaches them, they se- 
creie a chemical called a ii euro transmitter. This chemical 
(there aiv nianv different ones in the UNS) either excites or in¬ 
hibits ilie receiving cell aiifl thus helps to determine wliether 
an action potential occurs in its axon. Details of tliis process 
will he described later in this chapter. 

.\n individual neuron receives informauon Irom die ter¬ 
minal buttons of axons of tit her neurons, and ilic terminal but¬ 
tons ol /Va axons form synajises with oilier neurons. A neuron 
rnav receive information fifnn dozens or even hmulreds of 
other neurons, each of which can tbrm a large immlier of 
sviiaptic connections with it. Figure 2.4 illustrates the nature 
of’ these connecnons. As von ean see, terminal hut ions can 
form synap.ses on the menihrane of die dendrites or the soma* 
(See Figitre 23.) 












Cells of the Nervous System j 


31 


Figure 2.4 

An overview of the synaptic connections between neurons. The arrows represent the directions of 
the flow of information. 
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Internal Structure 

Figure 2.5 illustnucs the internal structure o( a typical inuliipt>hir neuron. (See 
Fi^ive 2.5.) The membrane defines the boundary ofThe celL It consists of a double 
layer of lipid (fatllke) molecules. Embedded in the membrane arc a variety of pro¬ 
tein molecules that have special functions. Some proteins delect substances outside 
the cell (such as liormones) and pass inrormatlon about the presence of these sul> 
stances to the interior of the cell. Other proteins control access to the interior olTlie 
cell, permitting some substances to enter but barring others. Still other proteins act 
as transporters, actively carrying ceriain molecules into or out of the cell. Because 
the proteins that are found in the membrane of the neuron are espec ially important 
in the transmission of information, their characteristics will be discussed in m{>re de¬ 
tail later in this chapter. 

The cell is filled witli cytoplasm, a jellylike substance iliat contains small special- 
i/.ed structures, just as the body contains specialized (jrgans. Among these sn nctnres 
are mitochondria, which break down nutrients such as glucose and provide the cell 
with cnerg)^ to perform its functions. Mitochondria produce a chemical called adeno* 
sine triphosphate (ATP), wliich can be used tliroughoni tf)e cell as an energy source. 
Many eons ago mitochondria were free-living organisms that came to "infect” larger 
cells. Because the mitochtmdria could extract energy' more efficieiitlv than their 
hosts, they became uselul to them and eventually became a permanent part ol’ihem. 
Mitochondria still contain their own genetic infnrmaiion and rnnltiplv independently 
of the cells in which they live. We inherit our mitochondria from onr mothers: fathers' 
.sperms do not coniribme any miiochundna to the ova they ferultze. 

Deep inside the cell is the nucleus (from tlie Latin word Ibi^ "nuf ). The nntiens 
contains the chronK>somes. Chromosomes, as yon have probably already leanierl, 
consist of long strands of deoxyribonucleic acid (DNA), The chromosomes have an 
important fnncii(yn: They contain the recipes for making proteins. Portions of the 
chromo.somes, called genes, contain the recipes for individual proteins. 


mitochondria An organelle that 
IS responsible for extracting en¬ 
ergy from nutrients. 

adenosine triphosphate (ATP) 
iah den o seen) A rnolecule of 
prime importance to cellular en¬ 
ergy metabolism: its breakdown 
liberates energy. 

nucleus A structure in the central 
region of a cell, containing the 
chromosomes 

chromosome A strand of DNA, 
With associated proteins, found 
in the nucleus, carries genetic 
information, 

deoxyribonucleic acid (DNA) 

(dee ox ee ry bo new day rk) A 
long, complex macromolecule 
consisting of two interconnected 
helical strands: along with associ¬ 
ated proteins, strands of ONA 
constitute the chromosomes. 

gene The functional unit of the 
chromosome, which directs syn¬ 
thesis of one or more proteins. 
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Figure 2.5 

The principal internal structures of a multipolar neuron. 



cytoskeleton Formed of micrO' 
tubules and other protein fibers, 
Imked to each other and formtng 
a cohesive mass that gives a cell 
Its shape. 

enzyme A molecule that controls 
a chemical reaction, combining 
two substances or breaking a sub¬ 
stance into two parts, 

axoplasmic transport An aaive 
process by which substances are 
propelled along microtubules that 
run the length of the axon. 

microtubule (my kro too byoof} 

A long strand of bundles of pro¬ 
tein filaments arranged around a 
hollow core, part of the cytoskele¬ 
ton and involved in transporting 
substances from place to place 
within the cell. 


Animation 2.1, Neurons 
and Supporting Ceils, 
provides more informa¬ 
tion about the internal structure 
of neurons. 



Proteins art' iiiiportaiu in ceil functions. If a neuron ^rown in li tissue culture is 
exposed to a detergcin, the lipid ineinbratie and nuieh cif ilie interior of’ihe cell dis¬ 
solve away, leaving a matrix of insoluble strands oj' protein. This mairix, called the 
cytoskeleton, ^ives ilie neuron its shape. The cyioskeleion Is made of various kituis 
of prf>tein suands. linked to each other and forming a cohesive mass. 

Besides providing structure, proteins serve as en/ymes. Enzymes are the cell's 
marriage brokers or divorce judges: They cause particular molectiles uyjoin together 
or split apart, riuis. en/vmes determine what gets made from the raw materials coii- 
taineci in the eelh and they determine which molecules remain intact. 

Proteins arc also involved in iransporiing substances witliin tile cell. Axons can 
be exiremelv k»ng, relative to their diameter and the size of tlie soma. For example, 
tlie longest axon in a human stretches from the foot to a region located in the base 
of the bi ain. Because terminal hutton.s need smne items that can be produced only 
in the soma, there must be a system that can transpoi t these items l apidly and ei’h- 
cienilv through the axoplasm (that is, the cytoplasm ol the axon). This .system, axo¬ 
plasmic transport, is an active process that propels substances from one end of the 
axt>n to the other. This transport is aceoiiiplishecl by long protein strands called mi¬ 
crotubules, bundles of thirteen filaments ai ranged aiotmd a ftollow core. Mieio- 
ttibtiles serve as railn>ad tracks, guiding tlie progress of the substances being 
transported. Movement from the soma to the terminal btutons is called anif^iogrftflr 
axoplasmic transport. means “toward the front,") axoplasmic 

transpoi t carries substances from the terminal buttons back to llu^ soma. (Ilfiiv- 
means "toward the back.") .Anterograde axoj)iasmic transport is i einaiTaljly ia.st: up 
t<j r>0() mm per day. Retrograde axoplasmic transport is about half as last. Energy lor 
both forms tjf trans[K)i t is supplied by ATP, pi oduced by the mitochondria. (See An¬ 
imation 2./, Nenrrnnt and Supporting Cells.) 
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Supporting Cells 


Neurons cousiiiuLe only alioul Kali llic volume of the (-NS. The rest consists ol a va- 
riciv ot sujiporiiii^ cells. Because neurons liave a very rale of inelaholisni but 
have no means ol'storing nutrients, they nuisi constantly be supplied with nmrienls 
aiui oxygen or they will quickly die, 11uis, the role played by the cells that supprH l 
and protect neurtnts Is very imjxu tant to ottr existence. 


Glia 

The inf)st imptn taut suppcM ting cells of die central nervous system are tlie 
or "^nerve glue." Glia (also called g/M/cc/A) do indeed glue die GN'S logethei; 
hut they di> much more than that. Neurons lead a very slieliered existence; they are 
hudVretl physically and chemically from die resi ol the bt>dy by die glial cells, (Mial 
cells stu idiind neurons and hold them in |)iace, controlling their supply ol nunients 
and some of the chemicals they need to exchange messages with other netirons; they 
insulate neurons from one another so that neural messages do not get scrambled: 
and they even act as housekeei>ers, destroying and removing the carcasses ol neu¬ 
rons that are killed by disease or injury. 

d’licre are several types of glial cells, cxich of wiiicb jilavs a special role* In the 
CNS. The thiee most ini porta ni tvpesare o/igodrufh^ifylrSy and t/itnoglia. As¬ 

trocyte means ‘“star cell," and this name accurately desci ihes die shape of these cells. 
Asirocvies {or astrogUa) provide phvsjcal support to neurons and clean u]> debris 
within die brain. They produce some chemicals that neurons need to lulfill their 
liinciions. Tliey help to control the cliemical comjiosiiion of the fluid surrounding 
neurons by actively taking up or releasing substances whose ctJiicenti ations must lie 
kejn within critical levels. Finally; astroevtes are involved in providing nomisiiineiu 
to neurons. 

Some ol die astrocytcN processes (the arms of llie star) are wrapjied around 
lilood vessels. Other processes are wrapped around parts of neurons, so ihe somatic 
and dendritic membranes of neurons are largely surrounded hv astrocytes. Recent 
evidence suggests that astrocytes receive niiirients from 
the capillaries, sloie tliem, and release them to neurons 
when needed (Tsacopoiilos and Magistietd, 1996: Mag- 
isiretii ei af, 1999). Besides having a role in transporting 
chemicals to neurons, astroevtes serve as the matrix ill at 

f 

holds neurons in place. These ceils also surround and iso¬ 
late synapses, limiting die dispersion of iieurotransinitiers 
that are released by the lerminal buttons. (See figure 2,6.) 

When tieurons die, certain kinds of astrocytes take up 
the task of cleaning away the deliris. These cells are able 
to travel around the ('NS; thev extend and retract their 
]processes or “false feet”) and glide about die 

w'ay amoebas do. Wlien these astroevtes contact a piece of 
debiis from a dead net iron, they pusli themselves against 
it, 11 nally engulfing and digesting it. We call iliis process 
phagocytosis {phageirf, “tr> eat"; ktttas, Veil"). If I here is a 
considerable amen in t ol injured tissue to be cleaned up, 
astrocytes will divide and produce enough new’ cells to do 
the task. Once the dead lissue is broken down, a frame¬ 
work of astrocytes will he left to fill in ihe vacant area, and 
a specialized kind ofa.sndcyte will form scar tissue, availing 
off the area. 

The principal function of oligodendrocytes is to prt>- 
\ide support to axons and to pit>duce lire myelin sheath, 


glia igtee ah) The supporting 
celts of the central nervous 
system. 

astrocyte A glial cell that pro^ 
vides support for neurons of the 
central nervous system, provides 
nutrients and other substances, 
and regulates the chemteal com¬ 
position of the e)(tracellular fluid, 

phagocytosis {fagg o sy toe sis) 
The process by which ceils engulf 
and digest other cells or debris 
caused by cellular degeneration. 

oligodendrocyte {oh H go den 
drah site) A type of glial cell in 
the central nervous system that 
forms myelin sheaths. 

myelin sheath (my a iin] A 
sheath that surrounds axons and 
insulates them, preventing mes¬ 
sages from spreading between 
adjacent axons. 


Figure 2.6 


Structure and location of astrocytes, whose processes surround 
capillaries and neurons of the central nervous system. 
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which itisidates most axons from one anoilieu (Some axons are not myelinaieci and 
lack this sheath.) Mvelin, 80 percent li[>id and 20 ptneent piotein. is produced by the 
olij^odendrocytes in the form of a mbe surroimdin^ the axon, I'hl.s tube does not [brm 
a eoniiniioiis sheath; rathei; it consists of a series f>f segments, each approximaiely 1 
mm long, with a small (1-2 pm) portion of nncoated axon between the segments. (A 
abhi eviaied [im, is one-millionth of a metei; or one-thonsandth of a mil¬ 
limeter.) File bare [)ortion of axon is called a node of Ranvier, after its discoverer. The 
myelinated axon, then, resembles a siring of elongated beads, (Actnallv, Ore beads are 
T'crv fffitr/j elongated—their length is approximaielv 80 limes their width.) 

A given oligodendrocvie produces up to Hfty segments of myelin. During the de¬ 
velopment of the CNS, olig(>dendrocytes form processes shaped sometliing like caiuxe 
patldles. Kach tif these padflie-shaped processes ilien wraps itself many limes arotnid 
a segment of an axon and, while doing so, prexiuces layers of myelin. Eacli paddle ihtis 
becomes a segment of an axon's myelin slieaih. (See fjgi/res 2,7 and 2.8a.) 

As llieii' name indicates, microglia are the smallest of the glial cells. Like sf>me 
npes ol’asirocvies, ihev act as phagoevtes, engulfing and breaking <i(Avn dead and dy¬ 
ing neurons, lint in addition, thev serve as one ofhhe representaTives (d the immune 
system in the brain, protecting the brain fn>m invading micrf>organisms. Fhevare pri¬ 
marily respt>nsihle for the inflammaua y reaction in response to brain flamage. 


Schwann Cells 

In the central nervous system the oligodendrocytes suppon axons and produce 
myelin. In iIr- peripheral nervous system the Schwann cells [jei fbnn the same func¬ 
tions. Must axons in the PNS are myelinated. The myelin slieath occurs in segments, 
as it dues in the C^NS; each segment consists of a single Schwann cell, wrapped many 
limes around the axon. In the CNS the oligodendrocytes grow a number of paddle¬ 
shaped processes that wrap around a number of axons. In the PN.S a Schwann cell 


Figure 2.7 - • 

An oligodendrocyte, which forms the myelin that surrounds many 
axons in the central nervous system. Each cell forms one segment 
of myelin for several adjacent axons. 


Myelinated axons 




Node of 
Ranvier 





Mitochondrion 
in axoplasm 

Node of Ranvier 


Soma of 
oligodendrocyte 


Microtubule 


Figure 2.8 

Formation of myelin. During development a process of an 
oligodendrocyte or an entire Schwann cell tightly wraps itself 
many times around an Individual axon and forms one segment of 
the myelin sheath, (a) Oligodendrocyte, (b) Schwann cell. 
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provides iiiyeHii Tor ()nly one axon, aiul die entire Scliwaiin 
cell—not merely a jyart of it—stirronnds ilie axon, (See Figure 
2M.) 


The Blood-Brain Barrier 


Figure 2.9 

The blood-bratn barrier, (a) The ceils that forrn the walls of 
the capillaries in the body outside the brain have gaps that 
permit the free passage of substances into and out of the 
blood, (b) The cells that form the walls of the capillaries in 
the brain are tightly joined. 


Capillary in ail of body 
except brain 


Over one Imndretl yenrs ago» f^iul KIniicli discovered that if a 
bine dye is injecierl into an animars blixidstreaiiK all tissues ex¬ 
cept tire braiti and spinal cord will f>e tinted i>liie. However, if 
die same dye is injected into the llnici-f’illed ventricles of the 
brain, die fihie color will spreati ilirougfiom the CA'S (Brad- 
bury, 1979). This experiment demonstrates that a harrier exists 
between the blood and tlie Iluid that suntnmds the cells of the 
[>rain—the blood-brain barrier. 

Some substances can cross the filood-brain fiarrier: others 
cannot. Thus, it is ^eiecfively pn mm Nr {fM% ”tli rough”: fftrare, *'tt) 
pass”). In m<jst ol the l)ody the cells tliat line the capillaries cUi 
not fit togethei absolutely tighUy. Small gaps are round lictween 
tliein tlial permit tlie irce exchange of most substances be¬ 
tween the blood j^lasma and die Iluid outside the capillaries 
that surrounds the cells t>rthe hodv. In the central ncrv<nis sv.s- ' 

it 

tern die capillaries lack iliese gaps: therefore, many substances 

cannot leave the bl<K)d, rims, the walls of the capillaries in the brain constimte the 
blood—brain barrier, (See figure 2.9.) Odier sulistances must be actively transported 
through the capillary walls by special proteins. For example, glucose transporters 
bring ihe brain its fuel, and otlier iransportei s rid the brain of toxic waste prodiicls 
(Rubin and Staddon, 1999). 

^Vllal is the function of the blood-lirain barrier? As we will see, transmission of 
messages iVotn place to jilace in die brain depends on a delicate l)alance between 
sulrstances within neurons and in the extracellular Iluid that surrouiHls them, ft the 


Gaps that permit the free flow 
of substances into and out of 
the blood 



Capillary 
in brain 


composition ofilie extracellular llnid is changed even sliglillv, the transmissioii ol 
these messages will be rlisrupted, which means (bat brain luncuons will be disriipied. 
The [iresence oft he blood-brain barrier makes it easier to regulate die conijiosiiion 
of this Iluid. In addition, many of the foods tliat we eat conlain chemicals tliat would 
inierlere wiili the transmission onnidmiaiion betwx^en neurons. The blnod-lirain 
barrier prevents ilicse ebemieals from reacliing the brain. 

Tlie blood-lirain barrier is not unifVn m tlirougliout the nervous system. In sev¬ 
eral places the barrier is relanvelv permeable, allowing substaiues that are excluded 
elsewliere to cross freely. For example, the area postrema is a part of ilie brain that 
eomrols voiiiiiing. Tlie blo(jd-bnnn barrier is much weaker there, pertniniiig neu¬ 
rons in this region to detect the presence of toxic snl>slaiices in the blo<ak A pthson 
that enters the circulatory svstem from the stomach can thus stimulate this area lo 
initiate vomiting. If the organism is hickv, the poison cat) be exjieiled from the stom¬ 
ach l>eidre it causes too much damage. 


INTERIM SUMMARY 


Cells of the Nervous System 

Neurons are the most important cells of the nervous system. The central nervous system 
(CNS) includes the brain and spinal cord; the peripheral nervous system (PNS) includes nerves 
and some sensory organs. 

Neurons have four principal parts; soma (cell body), dendrites, axon, and terminal 
buttons. They communicate by means of synapses, located at the ends of the axons. When 


node of Ranvier (raw vee ay) A 
naked portion of a myelinated 
axon, between adjacent oligoden- 
drogfia or Schwann cells. 

microglia The smallest of glial 
cells; act as phagocytes and 
protect the brain from invading 
microorganisms. 

Schwann cell A cell in the pe¬ 
ripheral nervous system that is 
wrapped around a myelinated 
axon, providing one segment of 
Its myelin sheath. 

blood-brain barrier A semiper- 
meable barrier between the blood 
and the brain produced by the 
cells in the walls of the brain's 
capillaries. 

area postrema (poss tree ma) A 
region of the medulla where the 
blood-brain barrier is weak; poi¬ 
sons can be detected there and 
can initiate vomiting, 
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an action potential travels down an axon, the terminal buttons secrete a chemical that 
has either an excitatory or an inhibitory effect on the neuron with which it communicates. 
The interactions of circuits of neurons, with their excitatory and inhibitory synapses, are re¬ 
sponsible for all of our perceptions, memories, thoughts, and behavior. 

Neurons contain a quantity of clear cytoplasm, enclosed in a membrane. Embedded in 
the membrane are protein molecules that have special functions, such as the transport of 
particular substances into and out of the cell. The nucleus contains the genetic informa¬ 
tion—the recipes for the all the proteins that the body can make* Microtubules and other 
protein filaments compose the cytoskeleton and help to transport chemicals from place to 
place. Mitochondria serve as the location for most of the chemical reactions through which 
the cell extracts energy from nutrients* 

Neurons in the central nervous system are supported by glial cells* Within the CNS, as¬ 
trocytes provide the primary support and also remove debris and form scar tissue in the 
event of tissue damage. Oligodendrocytes form myelin, the substance that insulates axons, 
and also support unmyelinated axons. Microglia are phagocytes that serve as the represen¬ 
tatives of the immune system. Within the PNS, support and myelin are provided by the 
Schwann cells. 

In most organs, molecules freely move between the blood within the capillaries 
that serve them and the extracellular fluid that bathes their celts. The molecules 
pass through gaps between the cells that line the capillaries. The walls of the capillaries 
of the CNS lack these gaps and thus form a barrier between the blood and the brain. 
As a consequence, fewer substances can enter or leave the brain across the blood-brain 
barrier. 

THOUGHT QUESTION 

The fact that the mitochondria in our cells were originally microorganisms that infected 
our very remote ancestors points out that evolution can involve interactions between 
two or more species. Many species have other organisms living inside them; in fact, the 
bacteria in our intestines are necessary for our good health. Some microorganisms can 
exchange genetic information, so adaptive mutations developed in one species can be 
adopted by another. Is it possible that some of the features of the cells of our nervous 
system were bequeathed to our ancestors from other species? 


See Animation 2.2, The 
Action Potential, for an 
interactive tutorial on 
the generation and transmission 
of the action potential. 





Communication Within a Neuron 


This sfciioii describes the nature of ccjniinunicatiun tohkhi a neitron—^tlie way an nc- 
lion polenliai is sent from the cell bcKly down lire axon to the terniinal bmions, in- 
fortnin^ them In release some nenrotransmitter, Tlie details a\ synaptic 
transmission—tile communication between neurons—will be described in llu* next 
section . Xs we will see in this .section, an action poiential consists of a series ol alter- 
atit>ns in the membrane oj ihe axon that permit varitins substances to move l>eiween 
the interior of tlie axon and the fluid sitrrounding it. These exchanges produce elec¬ 
trical currents, (See Animation 2,2, Jlie Action Pofetttial*) 


Neural Communication: An Overview 

IkTore 1 l>egin my rliscnssion ofThc action poiential, let's step back and see how neu¬ 
rons can interact to produce a useful behavior. VVe begin by examining a .simple as¬ 
sembly of three neurons and a muscle that control a withdrawal reilex. In the next 
two llgiires (and in subsequent hgttres that illirslrate .simple nem al circuits), multi- 
[)olar neurons are depicted in shortliand fashion as several-sided stars. The ]K>ints 
of these stars represent dendrites, and only one or two terminal buttons are shown 






Communication Within a Neuron 


al tlic t'lui of tlic axon. Thv sensory neuron in this example delects jjainfiil stiinnli. 
VMien ils dendrites are stinuilated bv a noxious stinndns (sncli as contact with a hot 
object)* it sejids Jiiessages down ihe axf>n to the terminal hiiltons, whieli are located 
in tile spinal cord, (You will recogni/.e iliis cell as a uni])olar nenron; see Fi^tre 2.10J) 
The terminal hntlons old he sensory nenron release a neurotransmiUer that excites 
the iniernenron, causing it to send messages down its axon. The terminal hutions 
of die interneuron release a neurotransniitier iliai excites the motor netirnn* which 
sends messages down its axem. The axon ofilie motor nenron j(5ins a nerve and trav¬ 
els to a miiscle. When the terminal hntlons oftlie motor nenron release theii‘ nenro- 
transmiuer* the muscle cells eon tract* causing the lia nd to move away liom the hot 
object, (See Figure 2.10.) 

So fat; all of the synapses have had excitatory el i’ec ts. Now' let ns complicate mat¬ 
ters a bit to see the ellect ofdnhihitory synapses. Suppose you have removed a hot 
casserole from tlie oven. As you start walking over to the table to put it down* the heat 
begins to jienetrate the rather thin p(>iliolfleisyon are using. The pain cattseti bv the 
hot casserole triggers a withdrawal reflex that tends to make vt>u drop it. Yet y<m 
manage to keep hold ol it long enough to gel to the table and pul h down, \\ hat jjre- 
vented your withdrawal rellex from making you drop the cassendc on tlie floor? 

riie pain [rum the liot casserole increases the activity of excitatory synapses on 
the motor neurons* which tends to cause the fiand to [>nfl awav fi’om the cassei'ole. 
However* this excitation is ccjunieracted by iti/tihiiiofi, sn[iplied hv another source: the 
tirain. The brain contains neural drctiits that recogni/e what a disaster it vv'ould he il 
you dropped the casst'role t>n the floor These neural cirmiissend information to tlie 
spinal cord that prevents the withdrawal rellex fh>m making you drop tlie tlish. 

Figure 2,11 siiows how this information readies the spinal coixi* As you can see* 
an axon Jrom a nenron in the brain i caches tlie spitial cord* where its teianinal bill¬ 
ions form syiia[>ses witli an inhihitoi y inlernenron. When the neuron in the brain 
becomes active* ils terminal buttons excite lliis iiihiliitnry iniernenron. The in- 
terncuron releases an inliihitory nenroiraiismitlei* wliieli f/eam.sY^.Mlie aciivitv fil lhe 
motor neuron* blocking the wiilidrawal reflex. This circuit provides an example of 
a contest between Lwci competing tendencies: to drop tlie casserolt* and to hold onto 
i t, (See Figure 2. IL ) 


Figure 2.10 

A withdrawal reflex, a simple example of a useful function of the nervous system. The painful 
stimulus causes the hand to pull away from the hot iron. 


Brain 




Cross section 
of spinal cord 
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motor neuron* causing 
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Figure 2.11 

The role of inhibition. Inhibitory signals arising from the brain can prevent the withdrawal reflex 
from causing the person to drop the casserole. 
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electrode A conductive medium 
that can be used to apply electri¬ 
cal stimulation or to record electri¬ 
cal potentials. 

microelectrode A very fine elec- ’ 
trode, generally used to record 
activity of individual neurons, i 

membrane potential The elec¬ 
trical charge across a cell mem¬ 
brane; the difference in electrical 
potential inside and outside the i 

cell. 

oscilloscope A taboratory instru¬ 
ment that IS capable of displaying | 
a graph of voltage as a function 
of time on the face of a cathode | 
ray tube. 

resting potential The mem¬ 
brane potential of a neuron when 
It is not being altered by excitatory ' 
or inhibitory postsynaptic poten¬ 
tials; approximately -70 mV in the 
giant squid axon. 11 


Oi’coiirsf, rt'flexcj^ uvv imnv coniplicatcti Uian this dt^scription. and ihv inccli- 
anisnis dial iidiiI>iL thcni arc even mote so. And tlxHisands nl neun>ns are involved 
in lliis [process. The five nenrons shown iti Figure 2J 1 represent many others; 
Dozetis of sensory nenrons delect tlie hot object, Inmdi etls of iiUenienrons are stim- 
tilaied by their aciiviiv, hundreds of moloi nenrons pioduce tlie contraction—and 
tltousands of rienrons in ilie brain must become active if tile reflex is to be inhibiteci. 
Yet ihis simple model provides an overview of the [>rocess of tieural eomniimicalion, 
which is described in more detail later in this chapier. 


Measuring Electrical Potentials of Axons 

l.et^s examine the nalure of the message ibal is conducted along tiie axon, lodo so. 
we obtain an axon that is large encmgli to work witlh Fortunately; nature lias ])n^- 
vided the neurosciemisl with the giant squid axon (the giant axon oi‘a squid, not the 
axt>n oi a giant squid!). This axon is about h.5 mni hi diamelei; whicli is hundreds 
of limes larger tfian the largest mammalian axon, (This large axon controls an emer- 
genev resjjonse: sudden contracuon of die mantle, which squirts water through a jet 
and propels the sc[Lnd away from a stairce ()i cianger.) We [>lace an isolated giant 
squid axon in a dish of seawalei; in wiiicfi it can exist for a day or two. 

To measui e tile electrical charges generaterl bv an axon, we will need lo use a 
pair (d’eleeinKles. Electrodes are eleeirical conductors iluu provirie a padi for elec- 
iricilv to enter or leave a medium. One of the electrodes is a simjile wire tliai we 
))lace in tlie seawater. The other one, vvliieh we use lo record the message from the 
axon, has to he special. Because even a giant .stpiitl axon is rather small, we mu.sl u.se 
a tinv electrode that will record the membrane potential widioni damaging the axon. 
To do so, ive use a microelectrode, 

A microelectrode Is simplv a ver\ small electi’ode, wliicli can lie made of ineial 
or glass. In this case we will ttse one made ofdhin glass tubing, wliicli is lieated and 
drawn down an exceedingly fine ptiini, less than a ihousaiiddi of a millimeter in 
diameter. Because glass will not conduct electi icitv, ilie glass mici‘oelecirode is filled 
with a liquid that conducts electricity, such as a solution of polassinni chloride. 

We place the wire electixule in the seawater and insert the micnjeleeirode inm 
the axon, (See Figure 2.12a.) As soon as we do so, we discover that tlu' inside of the 
axon is negaiivelv chai ged with respect to the outside; the dif lerence in charge he- 






















Communication Within a Neuron 


39 



Using the giant axon of the squid, researchers discovered the nature of the message carried by axons. 


Figure 2.12 


iiig 70 tiA" (millivolts, or thousaiuUlis ofa voll). Thus, the iiisitic ofTlio mcmhiane 
is -70 m\'. This electrical cliai ge is called the membrane potential. The tern) 

Z/r//refers to a siored-up source ol energ )^—lli this case, electrical energ)'. For exam¬ 
ple, a (lashlight battery liiai is iit>i connected to an electrical circuit has a jmtenfuil 
charge of 1.5 between its terminals. If we connect a light bulb to the terminals, the 
poteniial energt is tapped and converted into radiant en¬ 
ergy (light). (See Figure 2./26.) Similai lv. if we connect 
our electrodes—one inside the axon and one otiisi<le it— 
to a very sensitive voltmeter, we will convert the potential 
energ)" to movement of the meter's needle. Ofeourse, the 
potential electrical energ)' of the axonal membratie is 
very weak in comparison with dial ofa llashliglu baUerv. 

As we will see, the tnessage that is conducted dtwvn 
the axon consists ofa brief change in the membrane pt> 
temial. However, this change occurs very rapidly—iot> 
rapidly for ns to see if we were using a voltmeter. There¬ 
fore, to study the message, we will use an oscilloscope, 
rhis device, like a voltmeter, measures voltages, but it also 
produces a record of these voltages, grapliing them as a 
function of time. These graphs are displayed on a screen, 
much like the one foutul in a television. Tlie vertical axis 
represents voltage, and the hori/amtal axis represents 
time, going lioni left to right. 

Once we insert our inicroelectrode into lire axon, llie 
oscilkiscope draw's a straight hori/.onial line at -70 m\', as 
long as the axon is not disturbed. Tins electrical charge 
across the membrane is called the resting potential—the 
membrane potential measured while the membrane is at 
rest. 

Now let's disturb the resting jDotential and see what 
happens. To do so, we will use anotlier device—an elec- 


Measuring electrical charge, (a) A voltmeter detecting the charge 
across a membrane of an axon, (b) A light bulb detecting the 
charge across the terminals of a battery. 
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jioiciiiial at a specific location. (See Figure 2.13.) Tlie MiinulaLor can pass current 
tlirougli another inicioeleclrotie that we Itave iiiseiTed into the axon. Because the 
inside of the axon is nej^ative, a positive charge applied to ilie inside ol the men)- 
brane produces a depolarization. Tiial is, it lakes away some of the electrical clu irge 
across die membrane near the electrode, reducing the membrane polentiaL 

Let's see what happens to an axoji wlien we artificially change the membrane po 
tenlial at one point. Figure 2J4 siiows a graph drav%^n by aji oscilloscope that has 
been monitoring the effects of brief tiepohirizing stimuli. The graplis t>[ the effects 
of ihese separate stimuli are superimposed on the same drawing so that we can com- 
[>are them. We tlelivei’ a series ol’depolari/ing suinnli, starling with a very vveak stim¬ 
ulus (number 1) and gradually increasing tfieir strength. Each slinutlus briefly 
depolarizes the membrane poteniial a little more. Finally^ after we present depolar- 
izaiion number 4, the membrane potential suddenly reverses itself, so that the inside 
becomes posiiivr (anti the outside becomes negative). The mem brant' pt)tenlial 
cjnickly reinrns to iiorinak but first it overshoots the resting poteniial, becoming hy- 
perpolarized—more polari/ed than normal—for a short time. Fhe whole process 
lakes about 2 msec (milliseconds). (.See Figure 2J4.) 

This phenomenon, a verv rajjid reversal of llie nieinbrane potential, is called the 
acUon potential. It constitutes the message cai i ieti by the axon from the cell body to 
the terminal buttons. The voltage level that triggers an action potential—wliicii was 
achievetl onlv bv depolarl/ing shock number 4—^is called the threshold of excitation. 


Figure 2.13 

The means by which an axon can be stimulated while its 
membrane potential is being recorded. 


Electrical 

stimulator Oscilloscope 



Figure 2.14 

An action potential. These results would be seen on an 
oscilloscope screen if depolarizing stimuli of varying 
intensities were delivered to the axon shown in Figure 2.13, 
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The Membrane Potential: Balance of Two Forces 

1(> iiiulerstand what causes ihe action potential lo occiii; we must fiist nndfrstancl 
tlie reasons [or lire exisienee of the memhrane poientiaL As we will see. tins electri¬ 
cal charge is ilie result ul a balance between two opposing ibices: diniision and elec- 
ii'ostatic pressure. 


The Force of Diffusion 

W hen a spoonful of sugar is earefully poured into a coutainer orwaiei; it settles 
to liie bottom. After a time llie sugar disst>lves. but it remains close m the htitiom t>[^ 
Lite container. After a much longer time (probably several davs), the moiecnies of 
sngai‘ distribute iliemselves evenly througlioui the W'ater, even ifm^ one stirs die liq¬ 
uid. The piocess wliereby molecules distribute themselves evenlv ihn>ughoui the 
tiH'flium in wliich they are tlissolvefl is called diffusion. 

Wlicn there arc no forces or barriers to prevent ibem from doing so. molecules 
will tliffuse fn>m regions ofhigh concenlration to legions of Imv concentratiom Mol¬ 
ecules arc constantly in motion, and their rale of movement is proportional to the 
ternperauire. Only at absolute i^ero [0 K (kelviii) = '-273.iri“(: = -459.7*'F1 do mole¬ 
cules cea.se their random muvemeni. At all other temperatures thev move about, 
colliding and veering off in difibreiu directions, thus pushing one another awa%\ 
The result of the.se collisions in the example of sugar and water is to force sugar mol¬ 
ecules upward (and lo force water molecules downward), away f rom the regions in 
which they are mosi conecnirated. 


The Force of Electrostatic Pressure 

When some siib.stances are dissolved in whaler, tliey split into nvo parts, each with 
an opposing electrical cliarge. Substances w'iih tins property are called electrolytes; 
the charged particles into which they decf>mpose are called ions. Ions are of two ba¬ 
sic types: (jftliotts have a pi>sid%e charge, and anions have a negative charge. Ft>r ex* 
ample, when scKlinm chloride (Na(d, table .sail) is dissolved in water, many of the 
molecules split into sodium cations (W) and chloride anions (Cl"), {I find that the 
easiest way to keep ihe terms mimi and //^uVi/rsti aight is to think of the caiioiFs plus 
sign as a cross, and remember the su[>ersution of a black cat crossing your path.) 

As you have undoubtedly learned, particles with tlie same kind ol charge repel 
each other (+ repels +, and - repels -), Ijut particles with dillercnl charges are at¬ 
tracted to each other (+ and - attract). Thus, aiuons repel anions, callous repel 
cations, but anions and cations atiract each other. The foixe exerted by this atir'ac^ 
tion or re[)u]sion is called electrostatic pressure* [nst as the force of difTusion moves 
molecules from regions of high concentration tt> regions of low concentration, elec¬ 
trostatic pressure moves ions Inmi place u> ]jlace: (Nations are pushed away from re¬ 
gions with an excess of cations, and anions are pushed away from regions witli ati 
excess of anions. 


Ions in the Extracellular and Intracellular Fluid 

The fluid within cells {intraceUiilar fliud) and the lluitl surrounding them (extra¬ 
cellular fluid) coniaiii diflereiu ions. The forces of diffusion and electrostatic ])ressiire 
ccmii ibuled by these ions give rise to the membrane potential. Bet ause the membrane 
potential is produced by a balance l)etween the forces of tliffusioii and electnisiaiic 
pres.sures, nnderstanding whai pi tKluces this p<nential requites ifiat we know the con¬ 
centration of the vai ious ions in the extracellulai and iiuracellular lliiids. 

Thei c are several imporiani ions in ihesc lluids, I will tliscnss (our t>rihem here: 
organic anions (symboli/ed by A"), chitn ide ions (Cl"), sodium it)ns (Na^), and jiotas- 
.siiun ions (K'*^). Ihe I.alin wTirds for stKlimn and poiassinm are nattiani and kafiam^ 


depolarization Reduction 
(toward zero) of the membrane 
potential of a cell from its normal 
resting potential. 

hyperpolarization An increase 
in the membrane potential of a 
cell, relative to the normal resting 
potential. 

action potential The brief efec* 
tncal tmpulse that provides the 
basis for conduction of informa¬ 
tion along an axon. 

threshold of excitation The 

I value of the membrane potential 
that must be reached to produce 
an action potential. 

diffusion Movement of mole¬ 
cules from regions of high con¬ 
centration to regions of low 
concentration, 

electrolyte An aqueous solution 
of a material that ionizes— 
namely, a soluble acid, base, or 
salt. 

ion A charged molecule, Cafrons 
are positively charged, and anions 
are negatively charged, 

electrostatic pressure The at¬ 
tractive force between atomic par 
tides charged with opposite signs 
or the repulsive force between 
atomic particles charged with the 
same sign. 

intracellular fluid The fluid con¬ 
tained Within cells. 

extracellular fluid Body fluids 
located outside of cells. 
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Figure 2.15 

The relative concentration of some important tons Inside and outside the neuron and the forces acting on them. 
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hciict*. they arc abbreviated Xa and K respectively. Organic anions—negatively 
dunged proteins and imennediate products of the cell's metabolic processes—are 
found only in the intracellular (liiid. Although the other three ions are h^und in 
both the intracellular and extracellular nuids, K* is found predominantly in the in¬ 
tracellular nnkU whereas Na’^ and Cl" are (bund predominamly in the extracellular 
lluid. The sizes of the boxes in Figure 2.15 indicate the relative concentrations of 
these four ions. (See Figure 2.13.) Tlie easiest way to remember which ion Is found 
where is to recall that the fluid that surrounds our cells is similar to seavvaiet; which 
is predominantly a sohiiion of salt, XaCf The primitive ancestors of our cells lived 
in the ocean; thus, the seawater was their extracellular fluid. Our extracellular fluid 
thus resembles seawatei; produced and maintained by regulatory mechanisms that 
are described in ('haptcr I K 

Let us consider the ions in Figure 2.15. examining the forces t)f diffusion and 
electrostatic pressure exerted on each and reasoning why each is located where it is. 
A" the organic anion, is unable to [)ass through the niembrane of the axon: there¬ 
fore. ahliough tlie presence of this Um within the cell contributes to the membrane 
potential it is located where it is because the membrane is impermeable to it. 

The potassium ion is concentrated within the axon; tlins. the force of diffu¬ 
sion lends to pusli it out of the cell. However, the outside ofTlie cell is diarged pos¬ 
itively with respect to the inside, so elecinisiatic pressure tends to force the catioji 
inside. Thus, the two opposing forces Ixilance, and potassium ions tend to l einain 
where thev are. (See Figure 2,/5.) 

Tlie chloride ion ('!" is in greatest coucentnuion outside the axon. The force of 
diffusion pushes this ion inward. Ilowevcn because the inside of the axoii is nega- 
tivelv cliarged, electrostatic pressui e pushes the anion outward. Again, iwo opposing 
forces l:)alance each othei. (See figure 2J5.) 

The sodinni ion Na^ is also in greatest concentration outside the axon, so it, like 
C'.l", is piislied into the cell by the force of diffusion. But unlike chloride, the stalium 
ion is charged. Therefore, electrostaiie pressure dues ftoi prevent Na^ from 
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cnici ijip; [he cc'll: in deed, die negadve t [large inside die 
axon {See Figure 2J 

I low can Na^ remain in greatest coneentratioii in llie 
extracelltilar fluid, despite tiie fact dial botli Idrces (dif- 
lusion and eleetrostaiic pressure) Lend to push it insider 
rite answer is tins: Another force, ]n’o\ ided bv die sodium- 
Ifofassiifm /mmf), continuously puslies out oi' Lite axon, 
rile sodiuiii-potassiuni pump consists ol a large mnulier 
ol jn^otein molecules embedded in tlie membrane, driwu 
by energ}^ [irovided by molecules of A I P prtxfuced by 
the niiiochondria. These molecules, known as sodium- 
potassium transporters, excliarige Ni\^ for pushing 
iliree sodium Ions out for every two potassium ions thev 
push in. (See Figure 2,16.) 

because the membrane is not very permeable to Na^, 
sodimn-[)otassimn iransporters very effectively keep die 
iniracellular concenti ation o(‘Na^ low. By iransporting 
inU) the cell, they als<j prod nee a small increase in the in- 
traeellular coneeniradon oi' K^. The membrane is ap¬ 
proximately 100 limes more permeable to K* than (o Na^, 
so the increase is slight: bin as we will see when we stndv 
the process of neural iiibibilion later in this chajuei; il is 
very important. The transfmrters that make up the 
sodium-[iotassium [lump use considerable energv: Up to 
40 percent of a neuroiPs metabolic resources are nscxl to 
ofierate litem. Neurons, muscle cells, glia—in fact, most 
sodium-poiassinm transp<n ters in their membrane. 


Figure 2.16 


A sodium-potavsium transporter, situated in the cell membrane. 
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The Action Potential 

As we saw, the forces of both ditTushiii and elcx trosiattc pressure tend [>usli Na"^ 
into the cell. 1 lowever, the membrane is not very permeable to diis ion, and sodium- 
potassium transporters continuously pump out Na^, keeping ihe iniracellulai level 
ol Na"^ low. Blit imagine wliai would happen if die membrane suddenlv liecauie [>er- 
mc^able lo Na"^. The forces of diffusion and electi ostalic pressure would c ause Na+ to 
rush into die cc'll. I hi.s sudden influx (inflow) of positively chargcxl ions would di as- 
dcally ehauge tlie memluaiie poiendak Indeed, experimeiUs have shown dial this 
mechanism is [irecisely what causers die action poieniial: A brief increase in the per- 
meahihty of'the membrane w Na"^ {allowing these ions lo i usli into the cell) is im¬ 
mediately followed l>y a iransieiu increase in thc^ |)ermeability of the rnemhi ane to 
(allowing these ions lo rush oni of the cell). What is rc'sponsible foi dK^se Iran- 
sienl increases in pei ineahilitvr 

We already saw that one type of pnnein mok'ciile embedded in the nuanbraiu'— 
the sodtum-polassinm uansporter—^aetively [>umps sodium ions out of die cell and 
pumps potassium ions into it. Another type of protein molecule provirles an open¬ 
ing that permits ions to enter or Icmv'C' tlie cells. These molecules provifle Ion chan¬ 
nels, which contain [massages Uptues") dial can open oi close. When an iou channel 
is (>pem a f>arltciilar type of ion can How through tlie pi>re and thus can enter or 
leave the cell, (See Figure 2J7,) Neural membranes contain manv ihousands of ion 
channels. For examjde, the giant scjuid axon contains several hundred sodium 
channels in each scjuare micromeLer of membrane. (There are one million sc[uare 
micrometers in a sc|uare millimeter; thus, a patch of axonal membrane the si/e of a 
lowercase letter "o" in tins book would cotuain several hundred million sodium 
cliaiinels.) Lach sodium channel can admit up to lOd million ions per second when 


sodium-potassium transporter 

A protein found in the membrane 
of all cells that extrudes sodium 
ions from and transports potas¬ 
sium ions into the cell, 

ion channel A specialized pro¬ 
tein molecule that permits specific 
ions to enter or leave cells. 
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Figure 2.17 

Ion channels. When they are open, <ons can pass through them, entering or leaving the cell. 
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Figure 2.18 

The movements of ions during the action potential. The diagram 
at the top shows the opening of sodium channels at the threshold 
of excitation, their refractory condition at the peak of the action 
potential, and their resetting when the membrane potential 
returns to normal. 
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ii is open. Tlius, llie peniiettbility oi'a iiicmliniiic to a par- 
linilar ioji at a given nnHiieni is cieltMTiiinefl by tfu' ntini- 
her of'ion ehannels that are open. 

'The following ntimlxnetl paragiaj)hs cieseiibc the 
[HovemeiUs of ions ihnmgli the nieinhrane during the ac¬ 
tion potential. The lunnbers on ihe hgure correspond U> 
llie lunnbers oi ilie paragraphs that follow. (See Figure 
2J8,) 


i. 


2. 



As soon as the dn eshold of excitation is reached, the 
sodinni channels in the jnenihrane ojjen and Na^ 
rushes in, propelled bv ibt^ forces of ditfusion and 
electrostatic pressure. I'he opening of these chan¬ 
nels is triggered bv reduction of the ineinhrane po¬ 
tential (depolari/aiion); they open at the point at 
wliich an aeticni potential begins: the threshold 
excitation. Because these eliannels are opened by 
changes in the nieinht ane potenlial, they are called 
voltage-dependent ion channels. The inilnx of posi¬ 
tively ciiarged soditiin ions produces a rapid change 
in the membrane potential, from -70 mV to +40 m\'. 
The membrane olTlie axon contains voltage-depen¬ 


dent poiassinm channels, bm these ehannelsare less 
sen si live than voltage-dependent sodium channels. 
1'hai is, they require a grt^aler knvl of depolarization 
before thev begin U) ojien. Thus, tbev bc^gin to of>en 
later than the sodium channels. 

At about the time the aedon ptueniial reaches its 
]jeak fin a[>[}roxitnately I msex), ihe sodium channels 
become rejrndory —the channels hecfune hlockcxl and 
camnn o];>en again until the membrane once more 
reaches the resting [>otendal. .\i this time, then, nt> 
more Na^ can enter the cell. 
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4. By now, die vokage-clepfiKient jjolassium cliainicls in tlie nienibrane are open, 
letting ions move freely tlirongli die mernhiane. At this time, rlie inside oiklie 
axon is/>f/\77iTWvc harf>cfl, so K’^ is driven oui of ifie cell hv diifnsion aiul bv elec- 
irostatic pressure. Tins oiiLflow of cations causes the metnhraiie potential to re¬ 
turn toward its ntirina] value. As it does so, the potassium channels liegiu to 
close aj^aiti, 

5. Once the membratie potential rcttinis to normal, the potassinin cbaunels are 
closed, aiuL no nun e potassimn leaves the cell. At around ibis time, the sodinin 
channels re,set so that another depolarization can cause tltem to o[)en ajraiii. 

6. Tlie menifiraiie actually oversluuns its resting value (-70 mV) and only gradu¬ 
ally returns to normal, Ihv accumulation of ions outside the membrane are 
responsible for iliis temporary hyperptilarizatioii. The extra ions soon difiuse 
away; and the membrane potential returtis lo -70 mV. F.veniually, sodium-[)oias- 
sium transporters remove the Nla^ ions that leaked in and Tetrie^e the tons 
that leaked oui. 


- VO I tag e-de pen dent ion 
j channel An ion channel that 
' opens or closes according to the 
value of the membrane potential, 

all-or-none law The principle 
that once an action potential is 
triggered in an axon, it is propa¬ 
gated, without decrement, to the 
end of the fiber. 


Kxjxa imciits iiavc shown that an action potential tcmporarilv iiurcascs the num¬ 
ber o\' Na”*^ ions inside the ^iaiit squid axon by 0,0(K)3 percent. Although the cou- 
cenuxiioii just inside the membrane is high, the UUal nunibeidf ions entering the 
ceil is very small relative to the number alreadv there, fliis means that on a short¬ 
term basis, sodium-potassium traiisjjoriers are not very iuiportaiu, file few Nkd ions 
that manage to leak in dilhise into the rest the axoplasm, atid the slight increase 
in NkV ctjnceniration is hardly noticeable. I lowevei; stKliunvpotassium transporters 
are important on a hng-tt^rm basis. Without the activity of sodium-poiassimu trans¬ 
porters, the concentration ol sodiutu ions in the axoplasjii would eveiUually increase 
enouglt that the axon would no longer he able to function. 


Conduction of the Action Potential 


Now that we have a basic understauding of the 
resting membrane ]x>ieruial and the production 
of the action potential, we can cottsider the 
movemenn>f the message down the axon, or con- 
of the at that laffentiaL To studv this plie- 
nomenon, we again tuake use of the giant squid 
axon. We auach an electrical stlimilator to an 
electr(jde at one end of the axon and place 
recording electrodes, attached lo oscilloscopes, 
at different distances from the stimulating elec- 
irode. Then we a[}ply a tlepolai i/ing stimulus \o 
tile end of the axon and trigger aji action poien- 
lial. We ieet>rd the action potential Irom each of 
the electrodes, one after tlie other; Thus, we see 
that the action jjoteiitial is couditeted down the 
axon. .As the action potential travels, it rtunains 
coiisiaui in si/e. (See Figure 2J9,) 

This experimeni establishes a basic law of 
axonal ctui duct ion: the ail-or-none law. This law 
.stales that an action ptueniial eithei' occurs or 
does not occur; ami once triggered, it is trans¬ 
mitted down the axon to its end. An action po¬ 
tential always remains the same size, without 
glowing or fliminishing. When ati action poten¬ 
tial reaches a point where the axon branches, it 
splits hut does noldiminisli in size. An axon will 


Figure 2.19 

Conduction of the action potential. When an action potential is triggered. 
Its size remains undiminished as it travels down the axon. The speed of 
conduction can be calculated from the delay between the stimulus and the 
action potential. 
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Figure 2.20 


The rate law. The strength of a stimulus is represented by 
the rate of firing of an axon. The size of each action 
potential is always constant 
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rate law The principle that varia¬ 
tions in the intensity of a stimulus 
or other Information being trans¬ 
mitted in an axon are represented 
by variations in the rate at which 
that axon fires. 

saltatory conduction Conduc¬ 
tion of action potentials by myeli¬ 
nated axons. The action potential 
appears to jump from one node 
of Ranvier to the next. 


tiansinil an acTicni pott'iitial in eillier ciircctifiiu t>r c-vcii in 
boili flirt'ciicjns U it is started in du' iTiiddlc <jf the axoids 
Icngllu Iltmwci; because actinn [XJtcntials in li\ ing aniinals 
always start at ilic card attached to the soma* axmis normally 
cal l V one-wav ti affk. 

j* ■ 

As you know* tltc strength of a muscular comrai tion can 
vary iVoiii verv weak to vcr^ I’orcef'uk and the sirengdi ol’a slim- 

t* ' 

ulus can vary from l>arely detectable to verv intense* VVe know^ 
that I lie occurrence of action potentials in axt^ns crmirols the 
strength of nmscnlar coiuractions and represents die iinensity 
of a physical stimulus* But if the action poieniial is an all-or- 
none event* how can it l epresenl information that can vary in 
a coniinnt>us fashit>n? I'he answer is simple: A single aciimi 
poieniial is not tlie l>asic element of information: railiei; vari¬ 
able inforination is represented by an axoids ntU' of /}nag. (In 
this coniext* fhing ix^ivis to the ])rofiiiciion of action poten¬ 
tials.) A high rate of firing causes a strong muscular conn ac¬ 
tion* and a strong siimnlus (such as a l>right light) causes a 
■ higf) rate of firing in axons that serve the eyes, lints* the all- 

oi-none law is sujjplenienied by the rale law. (See Figure 2.20.) 

Recall that all but the smallest axons in mammalian nervous systems are myele 
nated; segments td the axons are Ciwered l>y a myelin sheath produced by the t>ligt> 
flendrocvies of die CNS or the Selnvann cells of the PNS* I’hese segments are separated 
by pf)rlious of naked axon* the nodes of Ranvier. (.on<luction ofan action poieniial in 

a myelinated axon is somewhat differeiu Irom conduction in an unmyelinated axon* 

•• 

Seliwann cells and the (digodendrocyies of the (-NS wra]> tightly around die 
axon* leaving no measurable exliacellnlar Iluid between them and die axon. The 
only place where a myelinated axon comes into conlacnvilh the extracellular fluid is 
at a notie of Ranvier* where the axon is naked. In the myelinated areas tliere can he 
no inward flow of Na* when tlte sodium channels open, Ijecanse there is no exira- 
eellnlar sodium, file axon conducts the electrical disunhance Irom the action po¬ 
tential to the next node of Ranvier* T he disiurl>ance is coiidueletl [massively* the way 
an electrical signal is ccmducted thnnigh an insulated cable* The distuiTxince gels 
smaller as it passes down the axcai* but it is still large enougli to trigger a neiv action 
[lolcntial at llic next node, Tlie action potential gets reu iggered* or repeated* at each 
nolle of Ranvier* and the electrical disturbance that results is conciucied along the 
inveiinated area to the next node, Sucli conduction* flopping from node to node* is 
called saltatory condiictjoiij from the L.atin ,salfaty\ To dance. (See Figitre 2.2L) 

Saltatory conduction confers two advantages. The llrsl is economic* Sodiimi- 
potassium transporters iniisi cxfieiid eiifr^)' to fj;et rid of tlie excess Xtr that enters 
llie axon dniinj; the action potential. Sodinm-polassinin transporters nnist he lo¬ 
cated aloiiff an uinnyelinatetl axon hecaiise X'a"^ enters everywliere. However, be¬ 
cause X’a'^ can enter a mvelinaied axon only at the nodes of Ranvier. nine!) less frets 
in, and consequenllv; iiincfi less has to he [>umped out again* Therefore, a niyelk 
nated axon expends ninch less energ) in maintain its sodium l>alance. 

The second advantage to mycTin isspei'd. (-<niduciion of an actinia potential is 
(aster in a myelinaied axon because^ ifie transmission between the ncjcles is veny last. 
Increased s[X'ed enables an animai react faster ami (undoubtedly) to think lastei. 
One ofTlie ways to increase tlie speed ol conduction is to increase si/c* Because it is 
so large* die unmyelinated squid axon* with a diameter tjf odO pm* aclileves a eon- 
duciion velocity ol aiqn'oximately m/sec Cmeters [ler sectmd). However, a myeli¬ 
nated cal axon acTiieves tlie same S])eed willi a diameter ol a mere 6 pin. I lie lastest 
mvelinaied axon* 2i) [tm in diaineter* can eonduci action potentials at a speedy 120 
m/see* or 4*T2 km/li* At that speed* a signal can gel Irom one end ofan axon to die 
other witfioui much delay. 
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Figure 2.21 

Saltatory conductioa showing propagation of an action potential down a myelinated 
axon. 
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Communication Within a Neuron 

The withdrawal reflex illustrates how neurons can be connected to accomplish useful be¬ 
haviors. The circuit responsible for this reflex consists of three sets of neurons: sensory neu- 
rons, interneurons, and motor neurons. The reflex can be suppressed when neurons in the 
brain activate inhibitory interneurons that form synapses with the motor neurons. 

The message conducted down an axon is called an action potentiaL The membranes of 
all cells of the body are electrically charged, but only axons can produce action potentials. 
The resting membrane potential occurs because various ions are located in different con¬ 
centrations in the fluid inside and outside the cell. The extracellular fluid (like seawater) is 
rich in Na* and Cl" and the intracellular fluid is rich in K*' and various organic anions, desig¬ 
nated as A". 

The cell membrane is freely permeable to water, but its permeability to various ions— 
in particular, Na* and —is regulated by ion channels. When the membrane potential is at 
its resting value (-70 mV), the voltage-dependent sodium and potassium channels are closed. 
The experiment with radioactive seawater showed us that some Na* continuously leaks into 
the axon but is promptly forced out of the cell again by the sodium-potassium transporters 
{which also pump potassium into the axon). When an electrical stimulator depolarizes the 
membrane of the axon so that its potential reaches the threshold of excitation, voltage- 
dependent sodium channels open, and Na’" rushes into the cell, driven by the force of dif¬ 
fusion and by electrostatic pressure. The entry of the positively charged ions further reduces 
the membrane potential and, indeed, causes it to reverse, so the inside becomes positive. The 
opening of the sodium channels is temporary; they soon close again. The depolarization 
caused by the influx of Na^ activates voltage-dependent potassium channels, and leaves 
the axon, traveling down its concentration gradient. This efflux (outflow) of K* quickly 
brings the membrane potential back to its resting value. 

Because an action potential of a given axon is an all-or-none phenomenon, neurons rep¬ 
resent intensity by their rate of firing. The action potential normally begins at one end of 
the axon, where the axon attaches to the soma. The action potential travels continuously 
down unmyelinated axons, remaining constant in size, until it reaches the terminal buttons, 
{ff the axon divides, an action potential continues down each branch.) In myelinated axons 
ions can flow through the membrane only at the nodes of Ranvier, because the axons are 
covered everywhere else with myelin, which isolates them from the extracellular fluid. Thus, 
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the action potential is conducted passively from one node of Ranvier to the next. When the 
electrical message reaches a node, voltage-dependent sodium channels open, and the action 
potential reaches full strength again. This mechanism saves a considerable amount of energy 
because sodium-potassium transporters are not needed along the myelinated portions of the 
axon. Saltatory conduction vs also faster than conduction of action potentials In unmyeli¬ 
nated axons. 

THOUGHT QUESTION 

The evolution of the human brain, with all its complexity, depended on many apparently 
trivial mechanisms. For example, what if cells had not developed the ability to manufac* 
tore myelin? Unmyelinated axons must be very large if they are to transmit action po¬ 
tentials rapidly. How big would the human brain have to be if oligodendrocytes did not 
produce myelin? Could the human brain as we know it have evolved without myelin? 


postsynaptk potential Alter¬ 
ations in the membrane potential 
of a postsynaptic neuron, pro¬ 
duced by liberation of neuretrans¬ 
mitter at the synapse, 

binding site The location on a 
receptor protein to which a ligand 
binds, 

ligand {ligh gaod or ftgg and) A 
chemical that binds with the bind¬ 
ing site of a receptor 

dendritic spine A small bud on 
the surface of a dendrite, with 
which a terminal button of an¬ 
other neuron forms a synapse 

presynaptic membrane The 

membrane of a terminal button 
that lies adjacent to the postsy- 
naptlc membrane and through 
which the neurotransmitter is 
released. 

postsynaptk membrane The 

cell membrane opposite the ter¬ 
minal button in a synapse; the 
membrane of the cell that receives 
the message. 

synaptk deft The space be¬ 
tween the presynaptic membrane 
and the postsynaptic membrane 

synaptk vesicle {vess / kuf) A 
small, hollow, beadlike structure 
found in terminal buttons: 
contains molecules of a 
neurotransmitter. 


Communication Between Neurons 


Xnw tliat voii know ai>QtU Uie basic structure uT neurons and the nature of the ac¬ 
tion polentiak it is time to describe liie ways in whicli neurtjiiscan coniiininlcaie vvitli 
eacli other, Fhese coniiminicaiions make it possible for circuits of ueurtms to gaUier 
sensory iniormatitm, make plaus^ and initiate behaviors. 

rite primary means of ci>iiuminication between neurons is syfUipUr ttyin.s- 
tfiissioft —the transmission of messages from one neuron to another through a 
synapse. As we saw, these messages are carried fjy neurotransmilteis, released by ter¬ 
minal buttons. These chemicals diffuse across the nuid-niled gap between the ter¬ 
minal buttons and the membranes of the neurons with which they form synapses. As 
we will sec in this seciioiu neuroiraiismitiers jirodiicc postsynaptic potentials—brief 
depolarizations or hvperpolarizaiions—that increase or decrease die rale of firing of 
llie axon of the postsynaptic neuron. 

Neuroti ansmiuers exert their effects on cells by attaching to a particular region 
ni d receptor molecule called the binding site* A molecule of'tlie chemical fits into 
the binding .site the way a kev fits inicj a lock: The shape of the binding site and the 
shape of the molecule of die neurotransmiuer are complementary, .V chemical that 
attaches to a binding site is called a Ugajid, from //grrre, “to bind." Nenrotransmiiters 
are natural ligands* produced and released bv neurons* ikit other chemicals f(jun<l 
in nature (primarily in plants nr in the poisonous venoms of animals) can serve as 
ligands* too* In addition, anilkial ligands can be produced in the laboraioi y. These 
chemicals are discussed in Clliaptej' 4* whiclt deals with drugs and their effects. 


Structure of Synapses 

As yon have already learned* synapses are Jimctiuns between the terminal buttons at 
the eiuls of the axonal branches of one neuron and the membrane of another. 
Svnapses can (iccin in three places: on dendrites, on the soma* and on other axons. 
These svnapses are referred to as (txodi'tiflndr, ftxnsomafif, and axoaxonir, Axoden- 
driiic synapses can occur on the smooth surface of a dendrite or on dendritic 
spines—small proirusiims that stud the detulrites of several types of large neurons 
i n t h e b ra i 11 , (See Figure 2,22,) 

Figure 2.23 illustrates a svnapse. flie presynaptic membrane, located at the end 
olAhe terminal bnuon, faces the postsynaplic membrane, located on the neuron 
that receives the message (ilie jfo.slsxiutpiifut^uvtyw)* I hese lwf> membranes face each 
4 >ther across the synaptic cleft, a gap that varies in si/e from synapse to synapse but 
is usuallv around 20 nm wide. (A nanometer (nm) is t)ne biUlonth of a meter.) fhe 
synaptic cleft contains extracellular fluid* through which the neurotransmiuer dii- 
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Figure 2.22 

Types of synapses. Axodendritic synapses can occur on the smooth surface of a dendrite (a) or on 
dendritic spines (b). Axosomatic synapses occur on somatic membrane (c). Axoaxonic synapses 
consist of synapses between two terminal buttons (d). 
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fiisos, A meslnvoi k niiuncnis crosses llic synaptic cleft and keeps the pres%na]jLic 
and postsynaptic rnenibraiics in alignnicnL (See Figure 2.23*) 

As yon might have noticed in Figure 2.23, the cytoplasm of the terminal button 
co!itains synaptic vesicles, snialk rounded objects in the sfiape of spheres or ovoids. 
(T he term vesirk means ‘Tittle bladder/') Tliese vesicles are found in greatest niinv 
bers around the part of the presynaptic membrane that faces the synaptic cleft—'Uexi 


Figure 2.23 

Details of a synapse. 
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release zone A region of the in- ji 
terior of the presynaptic mem¬ 
brane of a synapse to which 
synaptic vesicles attach and re¬ 
lease their neurotransmitter into 
the synaptic deft. 

postsynaptk receptor A recep¬ 
tor molecule in the postsynaptic 
membrane of a synapse that 
contains a binding site for a 
neurotransmitter 

neurotransmitter-dependent 
ion channel An ion channel that 
opens when a molecule of a neu- 
retransmitter binds with a post¬ 
synaptic receptor. 

ionotropic receptor (eye on oh 
trow p/k) A receptor that con¬ 
tains a binding site for a neuro- 
transmitter and an ion channel 
that opens when a molecule of 
the neu retransmit ter attaches to 
the binding site. 


See Animation 2.3, 
Synapses, for more de¬ 
tailed information about 
the structure of synapses and the 
release of neurotransmitters. 



to tfic release zone, the region fVoni which neunHcansmiiier is released. Synaptic 
vesicles are produced in the soma and are carried bv fast axopla.smic transpoi i to tlie 
terminal l>ntion. (See figure 2.2J,) 

In an electron micrograph the posi.synaptic membrane under the terminal bntton 
appears simiewhai thicker and more dense than ilie imnnlirane elsewheie, Tliis post- 
.svnaptie density is cansetl by the presence orreceptors—specialized jjroiein molecules 
that detect the [jresence oi tieiiroUansmiiters in the synaptic cleft* (See figure 2, 


Release of the Neurotransmitter 

Wlien action potentials are conducted down an axon (and down all ttf its brandies), 
something happens iJiside all of rlie terminal buttons: Several svnaptic vesicles lo¬ 
cated jitsi inside ilie pi esynapiic membrane fuse with the membrane atid tlieii break 
open, spilling iheir eon tents into the synaptic cleft, 

Heusei and colleagues (Heuser, 1977; Heiiser et al., U)79) obtained phott>mi- 
d igraphs that illustrate this process. Because the release ui neurotransmitter is a 
very rapid event, taking only a few^ milliseconds to occur, special procedures are 
needed to stop the action so that the details can be studied. Tlie experimenters elec¬ 
trical ly stimulated the nerve attached to an isolated frog nuisde and then dropped 
the muscle against a block of pure copper that had been cooled to 4 K (appi oxi- 
mately-45;rF). (Contact with the su]>ercooled metal froze the outer layer oftissiie in 
2 msec or less. The ice held tlie components oiThe terminal bunf>ns in [3lace until 
thev ccjiild he chemically stabilized and examined with an electron microscope. Fig¬ 
ure 2,24 show’.s a portion of the synapse in cross section; note the vesicles that appear 
\o be iused with ilie presyiiaptic membrane, forming the shape of an omega (Q), 
(See Figure 2.24.) 

For more detailed information about llie structure of synapses and release of the 
neiiroiranstnitier, see Animation 23^ Synapses. 


Activation of Receptors 


Figure 2,24 

A photograph from an electron mkroscope, showing a cross 
section of a synapse. The omega-shaped figures (ii) are synaptic 
vesicles fusing with the presynaptic membranes of terminal 
buttons that form synapses with frog muscle. 



From Heuser, J. in Society for Neuroscience Symposia. Vol. II, edited by 
W. M Cowan and J. A Ferrendelli. Bethesda, MD; Society for 
Neuroscience, 1977. 


How do molecules of the neurotransmitter produce a de¬ 
polarization or hvperpolarization in the postsynaptic 
membrane?"' Thev do so bv diffusing across tlie synaptic 
cleii and auacliing to the binding sites of special pix)iein 
molecules located iji the [>osi.synapiic membrane, called 
postsynaptic receptors* Once binding occurs, the posisv- 
naptic receptors open neurotransmitter-dependent ion 
channels, wliich permit the passage of specif ic it>ns intt> or 
<Hn of the cell. Thn.s, the presence of tlie neuroi ran smi tier 
in tlie svnaptic cleft allows particular ions lo pa.ss through 
the membrane, changing the local membrane potential. 

Neurotransmilters open ion channels by at least two 
diderein methods, direct and indirect. The dii ect method 


is simpler* so I will describe it first. Figure 2.25 illustrates a 
neuronansmitteiHlependeni icm channel ihai is equipped 
with iis ow'U binding site. When a molecule of ihe appro¬ 
priate neurotransmitter attaches to ii, the ion chainlel 
opens* Tlie formal name for this combination recepior/iun 
channel is an ionotropic receptor. (See Figure 2.25.) 

Ionotropic receptors were first discovered in the or¬ 
gan that prodnees electrical current in Ihpedih the eleeu ic 
ray, where thev occur in great number (The electric l ay is 
a llsh ibai generates a powerful electrical current, noi 
SiHiie kind of Star Wars weapon.) These receptors, which 
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Figure 2,25 


Binding site 
of receptor 


art* sciisilivf to a ticunJlraiisniilifr called aretylrho/hte, con¬ 
tain S(idiiiin ciiatiiiels, W'licn tliese eliannels are open, 

MKliinii ions enter the cell and depolarize the ineinbrane. 

The indirect method is tttote eontplieated. Some re¬ 
ceptors do not open ion clninnels direct Iv l>ui instead start 
a chain of citemiral events, Thest^ receptors are called 
metabotropic receptors because they involve stej>s that re¬ 
quire that die cell expend metabolic energ)v Metabotropic 
receptors are located in close proximity to anotlter pro¬ 
tein attached to the tnembrane—a C protein. When a 
molecule o[ the iienrf Jtransttiitter binds witli the receptor, 
the iece]:)t(>r activates a G protein situated insidr' the mem¬ 
brane next to tlic rccejitor. Wlien activated, the (i [itxaein 
activates an enzyme that stiimilates the prodttetion oT a 
chemical called a second messenger. ( The nenrotransnnt- 
ter is the first messenger.) Molectiles n\ the second mes¬ 
senger travel through the cvtoplasm. attach themselves to 
nearby ion channels, and cause them lo open. C^ortijiared 
witli postsynajiiic [>ou-ntials pnxhiced by ionotropic re¬ 
ceptors, those [xodiiced by tnetabotropic receptors take 
longer to begin and last longer. (See Figure 2.26.) 

The fu st second messenger to be discovered was nvV/r 
AMF a elieiitical that is svntliesi/cd Irorn ATP. Since* then, 

d 

several other second messengers have been diseovered. As 
yon will see in later cliapters, second inessengers play an 
important role in both svna[>tic and nonsvnaptic commn- 
ihcation. And they can do more tlian open ion channels. 

For example, they can travel to the nucleus or other regions of the neuron and initi¬ 
ate biochemical clianges that affect the functions t>[ ilie cell. Thev can even turn spe¬ 
cific genes on or off, iluis initiating or terminating production oI particular proteins. 


Ionotropic receptors. The ion channel opens when a molecule of 
neurotransmftter attaches to the binding site. For purposes of 
clarity the drawing is schematic; molecules of neurotransmitter 
are actually much larger than individual ions. 


Molecule of 
neurotransmitter 
attached to 
binding site 



Closed 
Ion channel 


Open 
ion channel 


Inside 
of Cell 


Postsynaptic Potentials 


Postsynaptic jioicniials can he ciliter depolarizing (excitatory} or In prrpolari/ing 
(inhibitory), \\Tat rlcicnnincs tltc nature of tlic posisvnapiic j^oicniial at a jiarticu- 
lar syna[isc is not the ncuroiransmittcr it sell, instead, it is dcteiinincd h\ tlic 



The skin of TorpedOt the electric ray, contains targe numbers of ionotropic receptors with sodium 
channels. The flow of sodium through these channels produces an electric current. 


t metabotropic receptor {meh tab 
oh trow pik) A receptor that con¬ 
tains a binding site for a neuro- 
transmitter; activates an enzyme 
that begins a series of events that 
opens an ton channel elsewhere in 
the membrane of the cell when a 
molecule of the neurotransmitter 
attaches to the binding site, 

G protein A protein coupled to a 
metabotropic receptor; conveys 
messages to other molecules 
when a ligand binds with and 
activates the receptor. 

second messenger A chemical 
produced when a G protein acti¬ 
vates an enzyme, carries a signal 
that results m the opening of the 
ion channel or causes other 
events to occur in the cell. 
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Figure 2.26 

Metabotropic receptors. When a molecule of neurotransmitter 
binds with a receptor, a second messenger is produced that opens 
nearby ion channels. 
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ciiaiiu icrii^tics ui'ilie [K>stsytia]>tic rcccptnis—iii paiiicii- 
1 a 1 ; fA' i h f ri i at (a r (ij } on rh a n n r/ tiny ofmi , 1 11 c I i 1 1 1 
pai ts t>f the brain, a particular rRniivuransiniucr may biiul 
with clUftncjii lypc.s ni ion channels, each of whicli may 
have a tliiTci cnl effect. (By analog', a pariicnlar kev migltl 
open several ciif fereiu <:h)ors, which open up to vei v clif- 
fereni t^ pes of n>oms,) 

As Figure 2.27 shows, three nugor types ai netiro- 
transmitter-(le]>endent ion channels are iuimd in the 
postsynaptic memluane: sodium (Na^)> potassium (K"^), 
aiul chloride AUhougii the figure de])ict.s only rli- 

rectly activated (ionotropic) ion channels, you should re¬ 
alize that manv ion eliaiinels are activated hiditectlv, l>v 

j .r ,1 

metabotropic reee[]t(>rs coupled to Ci proteins. 

riie nem’otransmitier-dependent sodimn channel is 
the most important source of'exciiaiorv posl.svnaptir [>o- 
tentials. As we saw; sodium-potassium transporters kee]:) 
soditim outside the cell, waiting fhr the IVnces ordifTnsion 
auci eleeuosuuic pressure to ]>ush it in. \Mieu sodium chan- 
nels are ojxrned, sodium rushes in and causes a depolar- 
i/atioii—an excitatory postsynaptic potential (EPSP), (See 
Figure 2.27a. ) 

Kai’iier. we saw tliai sodium-potassium iiansporleis 
maintain a small surplus of potassium i(>ns inside the cell, 
if potassium channels open, some of'these cations will fol¬ 
low this gradieui and leave the celh liecause is pose 
lively cfiarged, its outflow will livper]3olari/e the 
membrane, [>roducing an inhibitory postsynaptic poten- 
tial (IPSr)- (See Figure 2.27b.) 

At many syna[jses, inliihiiory netii otransmi tiers open 
the chlor ide cfianiiels, iiisiead of (or in addition to) jjolassium channels. Tlie effect 
of Opening cfiloiide cliamiels dejHuids on the memf)iane pritential fd the neun>n. 


Closed ion 
channel 


Figure 2.27 

Ionic movements during postsynaptic potentials. 
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ITilie nienU>miie isai tlio resiiti^ potentiul, nothing liajjpcnis, because (as wc saw ear¬ 
lier) ilie iorres uf fiiffiisioii aiul c^leetrostaiie pressure balance jjerfec llv fur llie clilo- 
ride ion. However, iftlie mendnane poieniial lias already been de[K)lan/ed bv the 
activity orexcitaiorv svnapses located nearby, then the ojiening of chloride channels 
will permit C\~ to enter the cell. The inllow ol anions will bi ing the membrane po¬ 
tential back to its normal resting condilion. Thus, the opening ol chloride channels 
serves to nentrulize td’SPs. (Sc'e Figure 2.27c.) 


Termination of Postsynaptic Potentials 

Postsvnapiic potentials are brief depolarizations or hyperpolarizations cansc'd by du* 
aciivaiion of postsynaptic rece[>iors with inolc'cnles of a run irot ran smi tier. They are 
kept briel by two rnechanisiiis: renpiake and en/yniaiic deactivation. 

The postsynaptic fXHenlials produced by almost all iienrotiansmtuers are ler- 
mrnated by reuptake* This jrrocess is simply an extr emely rapid removal ol neinxH 
transrniiter from the synaptic cleft by tile terminal Initton, The membnnie of the 
terminal button contains special tr ansporter molecules that dr aw on lire celPs energv' 
reserves lo force molecules of the nenrolr'ansnnlter irorn lire synaptic elefi directly 
into the cvinplasm—jnst as socirnm-polassinrn transporters move Na'*' and across 
the membrane. When an action potentia) arrives, the terminal button releases a 
small amount ol iieurotransmiiter into tlie synaptic cieit and then lakes it hack, giv¬ 
ing the [>ostsynaptic l eceptcn s only a brief exposure to the nenrotransniiner, (See 
Figure 2.28.} 


excitatory postsynaptic poten¬ 
tial (EPSP) An excitatory depolar¬ 
ization of the postsynaptic 
membrane of a synapse caused by 
The liberation of a neuretransmit¬ 
ter by the terminal button. 

inhibitory postsynaptic poten¬ 
tial (fPSP) An inhibitory hyper- 
polarization of the postsynaptic 
membrane of a synapse caused by 
the liberation of a neurotransmit¬ 
ter by the terminal button. 

reuptake The reentry of a neuro- 
transmitter just liberated by a ter¬ 
minal button back through its 
membrane, thus terminating the 
postsynaptic potential. 


Figure 2.28 

Reuptake. Molecules of a neurotransmitter that has been released into the synaptic cleft 
are transported back into the terminal button. 
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Enzymatic deactivation isaccoinplislicti l)y ati cn/.vtnc iliai destroys tnoleniles (ji 
tfu" nctJt‘t)transniiuer. As lar as we ktu>w» postsvnaj>lic: potentials are terminated in 
this way for only one neiirotrairsinilter: acetylcholine (ACh). Transinissioji ai 
synapses on rmisele libers and at senne synapses Ixaween neurons in tlie eentral ner¬ 
vous system is mediated by AC'li. [^>slsyna]Dlie potentials produced bv AC .li are sbtu t- 
lived becanse llie postsynaptie membrane at these svnapses contains an en/ytne 
called acetylcholinesterase (AChE)p ACIhE destroys A( ih by cleaviiig it into its con- 
Stitt tents: choline and acetate. Because neither of these substances is capable of ac¬ 
tivating postsynaptie receptors, the postsynajjlic potential is icrminaiecl once the 
molecules of AC"h are broken a]>art. AC'hE is an extremely eiicrgetie destroyer of 
A(ih: one molecule of A('hK will clu)p apart moie titan five thousand imtfecules oi‘ 
A("h each second. 


See Animation Post- 
synaptic Potentials, 
for more detailed infor¬ 
mation on the production and 
integration of excitatory and in¬ 
hibitory postsynaptie potentials. 



' enzymatic deactivation The de¬ 
struction of a neurotransmitter by 
an- enzyme after its release—for 
example, the destruction of acetyl- 
c hoi me by acetylcholinesterase 

acetylcholine (ACh) (a see tui 
koh !een) A neurotrartsmitter 
found in the brain, spmal cord, 
and parts of the peripheral ner¬ 
vous system; responsible for mus¬ 
cular contraction. 

acetylcholinesterase (AChE) (a 
see tu! koh tin ess ter ace) The 
enzyme that destroys acetyl¬ 
choline soon after it is liberated by 
the terminal buttons, thus termi¬ 
nating the postsynaptie potential, 

neural integration The process 
by which inhibitory and excitatory 
postsynaptie potentials summate 
and control the rate of firing of a 
neuron, 

I autoreceptor A receptor mole¬ 
cule located on a neuron that re- 

I sponds to the neurotransmitter 
released by that neuron. 


Effects of Postsynaptie Potentials: 

Neural Integration 

We have seen how ueurnnsare inierconueeted hy means nf synapses, howactimi po- 
tennals trigger the release nf iieurotraiismiueis, and hotv these ehcmicals initiate ex¬ 
citatory nr inhibitory posisyuapiic potentials. Kxciiai<jiy postsviiaptic potentials 
inciease the likelihofid dial the postsynaptie iieiu on will lire; iiihibiiory postsviiap- 
lic poLeiuials decrease this likelihood. (Remember, ‘"Ijring"' rel'ers to the occnn ence 
ol an action potential.) Thus, the rate at which an axon flre.s is determined by the 
relative activity of the excitatory and inhibitorv svnajxses on the soma and dendrites 
of that ci'll. n then* are no active excitatory synapses or if the activity of inhibitory 
synapses is particularly high, that rate a>nld be close u>/.ero. 

Let ns look at the elements of this process, (See Atiimation 2.4^ Postsynaptie Po¬ 
tentials.) The interaction of the efTects oi‘excitatory and inliibitorv svnapses on a 
panicnlar neuron is called neural integration. {Ifitcgraiioff means “to make wfiole," 
in the sense orcombining tvvo or more fimciions.) Figtne 2.29 illustrates the effects 
t)l excilaloi y and inhibitory synapses on a [joslsynaptic neuron. Figni e 2.29(a) 
shenvs wlial happens when several excitatory svnajxses become active. The release of 
ilie nenroiraiismitler prinlnces clepolari/ing KPSPs in the cleiidrites of the nenroii. 
I hese F.lLSPs (rc[}resenied in red) are then transmitted clown the dendrites and 
aert^ss the soma to the axott hillock located at the base of the axon. If the dcpolai - 
i/.aiion is .still strong enough when it reaches this point, the axon will Ih e. (See Fig¬ 
ure 2.29a.) 

Ntiw lei's consider what would liappeji if, at the same time, inhibitory synapses 
also become active. Inliibiit>ry [KJsisyna|>tic ]jt>ientials are hyperpolari/ing—they 
bring the membrane jjoteniial away from the threshold t>[ exeiiaiioii. Thus, they 
lend loearieei ilie effects of excitaiory pt»sisynaptic potentials. (See Figure 2.29h.) 

The rate at which a nenroii fires is coiiti oiled by the relative aeliviiy oflbe exci- 
Lalorvand inhibiloi v svnapses on its dendrites and soma. If the aetivitv of exellatorv 
synapses goes up. the rate of firing will go up. H the activity ol inliibitorv synajjses 
goes lip, the rate of firing will go down. 


Autoreceptors 

Postsynaptie receptors clcLccl the presence of a nenroiraiismitler in the synaptic cleft 
and initiate excitatory or inlubilory poslsynapuc potentials. But the poslsyna[>hc 
membrane is not the only location of rece[Jiors that respond to nenrotransmilters. 
Many neurons also possess receptors that respond to the nenron ansmiiter that fhn' 
thrmsches release, called auloreceplors. 
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Figure 2.29 

Neural integration, (a) If several excitatory synapses are active at the same time, the EPSPs they 
produce (shown in red) summate as they travel toward the axon, and the axon fires, (b) If several 
inhibitory synapses are active at the same time, the IPSPs they produce {shown in blue) diminish the 
size of the EPSPs and prevent the axon from firing. 



Activity of excitatory 
synapses produces 
EPSPs (red) in 
postsynaptic neuron 


hillock reaches 
threshold of excitation; 
action potential is 
triggered in axon 



Activity of inhibitory 
synapses produces 
IPSPs (blue) in 
postsynaptic neuron 


IPSPs counteract EPSPs; 
action potential is not 
triggered in axon 




Aiuoreccpiors can he located on the membrane of any part of the cell, bm in 
this discussion vve will consider those located on the terminal buuon. In most cases 
these aiut>receptors do not coturol ion channels. 7'hus, when stimulated by a mole' 
rule of the nenrotransmiuen anioreceptoi s do not produce changes in the mem¬ 
brane potential oi ilie terminal but loti. Instead, they control internal processes, 
including die synthesis and release of the neiirotransmitter. (As yon mav have 
guesseth aiiloreceptors are meia)>oiropie; the control tlicy exert on tlicse processes 
is aectmijilished through proteins and second messengers.) In most cases the ef¬ 
fects of aiUoreeeptor activation arc inhibitorv; that is, ihe presence of the neiiro- 
transmiitcr in tlic extracellular fluid in the vicinilv of the neuron causes a decrease 
iu the rate of syniliesis or release of the neuroti ansmiuer. Most investigators believe 
that aulorecepiors are piwx ttfa regulatory system iliai controls the amount ol neunv 
iransmitter dial is released. If too muclt is released, the anioreceptoi s inliibit l>otli 
[)roduciinn and release; if nc)i enough is releasetl, the rates of production and re¬ 
lease go U[>. 


Axoaxonic Synapses 

As we saw' in Figure 2.22, tlie central nervous system contains diree types oi synapses. 
Activity of the first tw'o tvpes, axodendritic and axosomaiic synapses, causes pf>sl- 
synapiic excitation or inhibition. Tlie lliird type, axoaxonic syna[>ses, <lues not con- 
tribuie directly to neural integration. Instead, the activity <if these synapses alters the 
amount of neuroiransmitter released by the terminal biiUons of the postsynaptic 
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Figure 2.30 


An axoaxonic synapse. The activity of terminal button A can 
increase or decrease the amount of neurotransmitter released by 
terminal button B. 


Terminal 
button B 


Axodendritic 
synapse 


Dendritic 

spine 



Terminaf 
button A 


Axoaxonic 

synapse 


Postsynaptic 

density 


iixoii. These synajjses can produce presynapiic uuKlula- 
ti<Hi: presyiiapilc inliibhioii ov prcsynaptic iacilitatioiu 
As you know, ilie release of a neurotrausniitter by a 
Lermiiial luiiton is initiated hy an action potential. Noi- 
inally. a paniciilar tenninal biillou releases a fixed 
amount of neuron ansinitler cacli time an action poten¬ 
tial arrives. However, the release of'neurotransminer can 
be modulated bv the activiiv of axoaxonic svna})ses. IT die 
activity of the axoaxonic synajise decreases die release ol 
die neurotransmiuer, tlie effect is called presynaptic in- 
hibidon. If it increases the release, it is called presynaptic 
facilitation. (See Fifritre 2.30,) 

Nonsynaptic Communication: 
Neuromodulators and 
Hormones 

Nc LUO transmitters are released bv terminal buttons at 
neunms and are detected by receptors in the membrane 
oi'anotlier cell located a very short distance awav. The 
communication at each synapse is private. Neuiomodula- 
lors are cfiemicals released bv neiiroiis that travel farther 
and are dispei setl more svidely than are neuroiransmiiters. 
Neuromodulators are .secreted in larger amounts and dif¬ 
fuse for longer distances, modulating the activity of many 
neurons in a particular pari of the brain. For example, 
iieuroiuodulalors alfeci general hebavioral stales such as 
vigilance, feai fiihiess, and sensliivitv to pain. Most neuromodulators are composed ol 
protein like molecules called duffs, which are described in Cllia|>ter 4. 

\U)si hormones are produced in cells located in ilie endocrine glands (fi om the 
Cireek etirhh, Avithin," and knuein, "to secrete’*), Otlters are produced by specialized 
cells located in various organs, such as die stomach, the iuiestines, the kitliieys, anil 
the i>rain. C’ells that secrete hormones release ibese cliemicals into the extracellular 
fluid. The hormones are then distribuied to the rest of tlie body iln ough the blood¬ 
stream. Hormones alfect lire activity of cells (including neurons) that contain spe¬ 
cialized receptors located cither on the surface of theii' membrane or deep within 
ilieir luidei. Oils that contain receptors for a particular hormone are referred to as 
target cells for that hormone; only tliese cells l espond to its presence. .Manv neurons 
contain fiormonc receptors, and hormones are able it> affect behavior bv siiimdat¬ 
ing the receptors and changing the activity ofiliese neurons. For exajnple, a sex ]it>r- 
mone, testosterone, increases tlie aggressiveness of most male mammal.s. 


INTERIM SUMMARY 


Communication Between Neurons 

Synapses consist of junctions between the terminal buttons of one neuron and the mem¬ 
brane—usually the somatic or dendritic membrane—^of another. When an action potential 
Is transmitted down an axon, the terminal buttons at the end release a neurotransmitter, a 
chemical that produces either depolarizations (EPSPs) or hyperpolanzations (IPSPs) of the 
postsynaptic membrane. The rate of firing of the axon of the postsynaptic cell is determined 
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by the relati\/e activity of the excitatory and inhibitory synapses on the membrane of its den¬ 
drites and soma—a phenomenon known as neuraf Integration. 

Terminal buttons contains synaptic vesicles, mostly clustered around the release zone of 
the presynaptic membrane* When an action potential reaches a terminal button, it causes 
the release of the neurotransmitter: Synaptic vesicles that are located at the release zone 
fuse with the presynaptic membrane of the terminal button, break open, and release their 
neurotransmitter into the synaptic cleft. 

The activation of postsynaptic receptors by molecules of a neurotransmitter causes neu- 
rotransmitter-dependent ion channels to open, resulting in postsynaptic potentials. 
Ionotropic receptors contain ion channels, which are directly opened when a ligand attaches 
to the binding site. Metabotropic receptors are linked to G proteins, which, when activated, 
open ion channels by producing a chemical called a second messenger* 

The nature of the postsynaptic potential depends on the type of ion channel that is 
opened by the postsynaptic receptors at a particular synapse. Excitatory postsynaptic po¬ 
tentials occur when Na^ enters the cell. Inhibitory postsynaptic potentials are produced by 
the opening of channels or Ci“ channels* 

Postsynaptic potentials are normally brief* They are terminated by two means* The most 
common mechanism is reuptake: retrieval of molecules of the neurotransmitter from the 
synaptic cleft by means of transporters located in the presynaptic membrane, which trans- 
port the molecules back into the cytoplasm. Acetylcholine is deactivated by the enzyme 
acetylcholinesterase* 

The presynaptic membrane, as well as the postsynaptic membrane, contains receptors 
that detect the presence of a neurotransmitter. Presynaptic receptors, also called autore¬ 
ceptors, monitor the quantity of neurotransmitter that a neuron releases and apparently 
regulate the amount that is synthesized or released. Axoaxonic synapses produce presynap¬ 
tic inhibition or presynaptic facilitation, reducing or enhancing the amount of neurotrans¬ 
mitter that is released. 

Neuromodulators and hormones, like neurotransmitters, act on cells by attaching to 
the binding sites of receptors and initiating electrical or chemical changes in these cells* 
However, whereas the action of neurotransmitters is localized, neuromodulators and hor¬ 
mones have much more widespread effects. 

THOUGHT QUESTIOHS 

1 , Why does synaptic transmission involve the release of chemicals? Direct electrical 
coupling of neurons is far simpler, so why do our neurons not use it more exten¬ 
sively? (A tiny percentage of synaptic connections in the human brain do use electri¬ 
cal coupling.) Normally, nature uses the simplest means possible to a given end, so 
there must be some advantages to chemical transmission. What do you think they 
are? 

2 * Consider the control of the withdrawal reflex illustrated in Figure 2.11. Could you 
design a circuit using electrical synapses that would accomplish the same tasks? 


I presynaptic inhibition The ac- 

1 tion of a presynaptic terminal but- j 
ton in an axoaxonic synapse; 
reduces the amount of neuro¬ 
transmitter released by the postsy¬ 
naptic terminal button, 

presynaptic facilitation The ac¬ 
tion of a presynaptic terminal but¬ 
ton m an axoaxonic synapse; 
increases the amount of neuro¬ 
transmitter released by the postsy¬ 
naptic terminal button. 

neuromodulator A naturally se¬ 
creted substance that acts like a 
neurotransmitter except that it is 
not restricted to the synaptic cleft 
but diffuses through the extracel¬ 
lular fluid. 

hormone A chemical that is re¬ 
leased by an endocrine gland and 
that has effects on target cells in 
other organs. 

endocrine gland A gland that 
liberates its secretions into the ex¬ 
tracellular fluid around capillaries 
and hence into the bloodstream. 

target ceil The type of cell that 
contains receptor for a particular 
hormone and is affected by that 
hormone 




EPILOGUE 


Myasthenia Gravis 


"Am I cured?" asked Kathryn* 

Dr* T. smiled ruefully, "I wish it were 
so simpiel" she said* "No, I'm afraid you 
aren't cured, but riow we know what is 


causing your weakness* There /s a treat¬ 
ment," she hastened to add, seeing 
Kathryn's disappointment, "You have a 
condition called myasthenia gravis. The 


injection I gave you lasts only for a few 
minutes, but \ can give you some pills 
that have effects that last much longer*" 
Indeed, as she was talking, Kathryn felt 
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herself weakening, and she sat down 
again. 

Myasthenia gravis was first described 
in 1672 by Thomas Willis, an English 
physician. The term literally means 
"grave muscle weakness." It is not a 
very common disorder, but most experts 
believe that many cases — much milder 
than Kathryn's, of course — go undiag¬ 
nosed. Kathryn's disease involved her 
face, neck, arm, and trunk muscles, but 
sometimes only the eye muscles are in¬ 
volved, Before the 1930s, Kathryn would 
have become bedridden and almost cer¬ 
tainly would have died within a few 
years, probably of pneumonia resulting 
from difficuity in breathing and cough¬ 
ing. But fortunately, Kathryn's future is 
not so bleak. The cause of myasthenia 
gravis is well understood, and it can be 
treated, if not cured. 

The hallmark of myasthenia gravis is 
fatigability. That is, a patient has reason¬ 
able strength when rested but becomes 
very weak after moving for a little 
while. For many years, researchers have 
realized that the weakness occurs in the 
synapses on the muscles, not in the ner¬ 
vous system or the muscles themselves. 

In the late nineteenth century, a physi¬ 
cian placed electrodes on the skin of a 
person with myasthenia gravis and elec¬ 
trically stimulated a nerve leading to a 
muscle. The muscle contracted each time 
he stimulated the nerve, but the con¬ 
tractions became progressively weaker. 
However, when he placed the electrodes 
above the muscle and stimulated it di¬ 
rectly, the contractions showed no signs 
of fatigue. Later, with the development 
of techniques of electrical recording, re¬ 
searchers found that the action poten¬ 
tials in the nerves of people with myas¬ 
thenia gravis were completely normal. If 
nerve conduction and muscular contrac¬ 
tion were normal, then the problem had 
to lie in the synapses. 

In 1934, Dr, Mary Walker remarked 
that the symptoms of myasthenia gravis 
resembled the effects of curare, a poi¬ 
son that blocks neural transmission at 
the synapses on muscles. The antidote 
for curare poisoning was a drug called 
physostigmine, which deactivates acetyl¬ 
cholinesterase (AChE), As you learned in 
this chapter, AChE is an enzyme that de¬ 
stroys the neurotransmitter acetyl¬ 


choline (ACh) and terminates the postsy- 
naptic potentials it produces. By deacti¬ 
vating AChE, physostigmine greatly in¬ 
creases and prolongs the effects of ACh 
on the postsynaptic membrane. Thus, it 
increases the strength of synaptic trans¬ 
mission at the synapses on muscles and 
reverses the effects of curare. (Chapter 4 
will say more about both curare and 
physostigmine.) 

Dr, Walker reasoned that if 
physostigmine reversed the effects of 
curare poisoning, perhaps it would also 
reverse the symptoms of myasthenia 
gravis. She tried it, and it did within a 
matter of a few minutes. Subsequently, 
pharmaceutical companies discovered 
drugs that could be taken orally and 
that produced longer-lasting effects* 
Nowadays, an injectable drug is used to 
make the diagnosis, and an oral drug is 
used to treat rt. 

Researchers turned their efforts to 
understanding the cause of myasthenia 
gravis (M6), They made several interest¬ 
ing observations. First, people with MG 
usually had tumors or other abnormali¬ 
ties in their thymus gland; if the gland 
was removed, their symptoms often got 
better. (Kathryn's neurologist might rec¬ 
ommend that this step be taken,) Sec¬ 
ond, mlcroscoptc examination of tissue 
taken from the muscles of MG patients 
showed damage localized to the region 
around the synapses, and this region 
showed an infiltration of white blood 
cells. These two facts suggested that the 
immune system was involved; white 
blood cells are responsible for the im¬ 
mune reaction, and the thymus gland is 
one of the sources of these cells. 

In fact, MG is an autoimmune dis¬ 
ease. Normally, the immune system pro¬ 
tects us from infections by being alert 
for proteins that are present on invad¬ 
ing microorganisms. The immune system 
produces antibodies that attack these 
foreign proteins, and the microorgan¬ 
isms are killed. However, sometimes the 
immune system makes a mistake and 
becomes sensitized against one of the 
proteins that are normally present in 
our bodies. As researchers have found, 
the blood of patients with MG contains 
antibodies against the protein that 
makes up acetylcholine receptors. Thus, 
myasthenia gravis is an autoimmune dis¬ 


ease in which the immune system at¬ 
tacks and destroys many of the person's 
ACh receptors, which are necessary for 
synaptic transmission* 

Recently, researchers have succeeded 
in developing an animal model of MG* 
An animal model is a disease that can be 
produced in laboratory animals and that 
closely resembles a human disease. The 
course of the disease can then be stud¬ 
ied, and possible treatments or cures can 
be tested* In this case, the disease is pro¬ 
duced by extracting ACh-receptor pro¬ 
tein from electric rays (Torpedo) and in¬ 
jecting it into laboratory animals. The 
animals' immune systems become sensi¬ 
tized to the protein and develop anti* 
bodies that attack their own ACh recep¬ 
tors. The animals exhibit the same 
muscular fatigability shown by people 
with MG, and they become stronger af¬ 
ter receiving an injection of a drug such 
as physostigmine. 

One promising result that has 
emerged from studies with the animal 
model of MG is the finding that an ani¬ 
mal's immune system can be desensi¬ 
tized so that It will not produce antibod¬ 
ies that destroy ACh receptors. If 
ACh-receptor proteins are modified and 
then injected into laboratory animals, 
their immune systems develop an anti¬ 
body against the altered protein. This 
antibody does not attack the animals' 
own ACh receptors. Later, if they are 
given the pure ACh-receptor protein, 
they do not develop MG* Apparently, 
the pure protein is so similar to the one 
to which the animals were previously 
sensitized that the immune system does 
not bother to produce another anti¬ 
body. Perhaps a vaccine can be devel¬ 
oped that can be used to arrest MG in 
its early stages by inducing the person's 
immune system to produce the harmless 
antibody rather than the one that at¬ 
tacks acetylcholine receptors. 

Even with the drugs that are avail¬ 
able to physicians today, myasthenia 
gravis remains a serious disease. The 
drugs do not restore a person's strength 
to normal, and they can have serious 
side effects. But the progress made in 
the laboratory in recent years gives us 
hope for a brighter future for people 
like Kathryn* 
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r KEY CONCEPTS 


CELLS OF THE NERVOUS SYSTEM 


1. 


Neurons iiave a stuua, cleuclriles, an axon, and lernii- 
nal huiions. t^ireuiis of iiiierconiiecied neurons 


are responsible for ilie 1 unctions jjerlbnned by ilie 
nervous sysiein* Neurons are supported by i^rlia and 
by Schwann cells, which provide myelin sheaths, 
iiousekee]>inj^ services^ and ]>hysical sii]3poit. Tlie 
l}lood-l>i aiii l)an ier lielps to reiL^ulaie the chemicals 
that reach the brain. 


COMMUNICATION WITHIN A NEURON 

2. The action poiential occurs wlien the niembiaiie po- 
teniial of an axon reaches the ifn eshold ()f excitaiion. 
.Mihou^h the action poteniial is electrical, it is caused 
by the Ihm’ of sodium and potassium ions tiirouglt 
voltage-dependent ion cliannels in the ineinbrane. 
Saltatory conductiont wiiich takes place in myeli¬ 
nated axons, is faster and more ellk ient tlian coii- 

tluctioii ill unmvelinaied axons. 

* 


COMMUNICATION BETWEEN NEURONS 


3. 


Neurons communicate by means ol synapses, which 
enable the presyiiaptic neuron to produce excitator)' 


or inliibitoiy eflects on the postsynaptic neuroih 
The.se ef fects increase or decrease tlie rate at which 
the axon oftfie post.svnaptic neuron sends acti<jn po- 
teinials flown io its terminal htiiions. 

4, When an action ]>otential reaches the end of an axtm, 
ii catises sotne synaptic ^esicles to release a neuro- 
iraiismitter into tlte sytia])tic clelT Molectdes ol rite 
iienrotransmitter attach themselves to receptors in 
the poslsyiia[>tie meml>ranc. 

5. When ihev become activated bv tnolecnk'S of the neu- 
rotransniiltei’s, ])ostsyna]Uic rece[)tt)rs pnxlnce either 
excliaiorv or inluhitf>ry postsynaptic [>otemials by 
opening voltage-controlled sodium, potassium, tjr 
chloride ion cfiannels. 

(k The postsynaptic [MJteniial is terminated by the de- 
sirueitoii of tlie iieurotranstniller f>r by its i euptake 
into the terminal hnUf>m 

7. Aiuorecepiors help to regulate the amtnmt of neuro- 
uansinitter that is released. 

tS. Axoaxfmic synapses cou.sist oi junctions l>etvveeu two 
terminal buttons. Release oi tietiroimnsmitier by the 
first terminal btttion increases iw decreases tlie 
amount oi neurotransmiuer released bv the second. 

9. Neuromodiilaiors and liormoiies have actions simi¬ 
lar to those of nenrotransmiiiers: They )>infl with and 
activate recej^iorstm ilieir target cells. 


SUGGESTED READINGS 


.A i d k^y, 1 > . [ . 7 7/ r Phy.s/ology oj Exnta hiv (>//.f . 4 11 1 vd . C la m br i dge. 

fn^laiidr (lainhiidge L'liivcr.sity Ihess, 199H. 

(Iowan, W. M., Srulliof, T. Cl., and Stevens, (1. K Sytiftpst^K Balti¬ 
more, Ml): [films [lopkins University Press, 2001. 

Kan del, K. R., Sehwari/, [. H., aiul [essell, 4. M, PrhtapEs of 
Xvitmi Sdma\ 4il] ffi. New York: Ak Ciravv-l [ill, 2000. 


Xichfills, J. (k. Afariim A. R.. Fuclis. R A., and Wallace. B. (k 
Emm to iimnK hh ed. Simdeiland, MA; Sinauer, 

2001 . 


SUGGESTED WEB SITES 


Acion Potential Animation 

WWW. f i u. ed u(o rg s/psych/ps b_4003/f i g u res/a_p. ht m 

riiis site provides a cokirful aniinatifin of the ifinic events 
thai o(vur during an aciion poteniiaf. 


Tutorial on the Action Potential 

http://pavlov.psyc.queensu.ca/-symonsl/brains/actpot.htmJ 

.A nitorial with ati aiiiinaiion of the ariifni [xnennal is ilie fo¬ 
cus ol this site. 
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Action Potential Simulator 

WWW. phy pc. med .wayne.edu/jeff ra m .axori3,htm 

riiis site ]in>vkU'sa |Kmerlul simulation prc^gi ain of I he ioiiii 
aiul electririil evcuits iliat occur clurinJ^ an action poieiitial. 
The siiTuilator allows the iusti uctoi' lo fleiiujustrate KPSIN, 


Il'SlN, anti I he efleeis of K^xins sueli as TTX anti T¥A oil the 


menihrane potential. 


Synapse Web 
http://syn apses, bu.edu/ 

This site is devtUed to die anait>iiiy of svnajjse.s and iiicinde.s 
iiiiajj;es of syna(nic ctnii!ectit)ns as well as links lo other sites 
relating to synapses* 


Cell Membrane Animations 
www.emile-21.com/VRML/membPotO.html 

riiis site provides a series ofanimanons relating to the cell 
iiiernljrane |>oLeiitial. I'he animations ri'qnire die installaiicnt 
ol a \*RML plug-in. 


CHAPTER OUTLINE 



Structure of the 
Nervous System 


■ Basic Features of the 
Nervous System 

An Overview 

Meninges 

The Ventricular System and 
Production of Cerebrospinal 
Fluid 

INTERIM SUMMARY 

■ The Central Nervous 
System 

Development of the Central 
Nervous System 

The Forebrain 

The Midbrain 

The Hindbrain 

The Spinal Cord 

INTERIM SUMMARY 

■ The Peripheral Nervous 
System 

Spinal Nerves 

Cranial Nerves 

The Autonomic Nervous 
System 

INTERIM SUMMARY 


LEARNING OBJECTIVES 


1 . Describe the appearance of the brain and identify the terms used to indicate 
directions and planes of section. 

2. Describe the divisions of the nervous system, the meninges, the ventricular system, 
and the production of cerebrospinal fluid and its flow through the brain. 


J. Outline the development of the central nervous system. 


4. Describe the telencephalon, one of the two major structures of the forebrain. 

5. Describe the two major structures of the diencephalon. 

6. Describe the major structures of the midbrain, the hindbrain, and the spinal cord. 

7< Describe the peripheral nervous system, including the two divisions of the 
autonomic nervous system. 




PROLOGUE 


The Left Is Gone 


Miss S. was a stxty-year-old woman with 
a history of high blood pressure, which 
was not responding well to the medica¬ 
tion she was taking. One evening she 
was sitting in her reclining chair reading 
the newspaper when the phone rang* 
She got out of her chair and walked to 
the phone. As she did, she began feeling 
giddy and stopped to hold onto the 
kitchen table. She has no memory of 
what happened after that. 

The next morning, a neighbor, who 
usually stopped by to have coffee with 
Miss S., found her lying on the floor, 
mumbling incoherently. The neighbor 
caded an ambulance, which took Miss S* 
to a hospital. 

Two days after her admission, I vis¬ 
ited her in her room, along with a group 
of people being led by the chief of neu¬ 
rology, The neurological resident in 
charge of her case had already told us 
that she had had a stroke in the back 
part of the right side of the brain. He 
had attached a CT scan to an illumi¬ 
nated viewer mounted on the wall and 
had showed us a white spot caused by 
the accumulation of blood in a particu¬ 
lar region of her brain* (You can look at 
the scan yourself if you like; it is shown 
in Figure 5.17.) 

About a dozen of us entered Miss 
S*'s room. She was awake but seemed a 


little confused. The resident greeted her 
and asked how she was feeling. "Fine, I 
guess,'' she said, "I still don't know why 
I'm here," 

"Can you see the other people in 
the room?" 

"Why, sure." 

"How many are there?" 

She turned her head to the right 
and began counting. She stopped when 
she had counted the people at the foot 
of her bed. "Seven," she reported. 
"What about us?" asked a voice from 
the left of her bed. "What?" she said, 
looking at the people she had already 
counted, "Here, to your left. No, toward 
your left!" the voice repeated. Slowly, 
rather reluctantly, she began turning 
her head to the left. The voice kept in¬ 
sisting, and finally, she saw who was 
talking, "Oh," she said, "i guess there 
are more of you," 

The resident approached the 
left side of her bed and touched 
her left arm. "What is this?" he 
asked, "Where?" she said. "Here," 
he answered, holding up her arm 
and moving it gently in front of her 
face, 

"Oh, that's an arm." 

"An arm? Whose arm?" 

"I don't know*... I guess it must be 
yours*" 


"No, it's yours. Look, it's a part of 
you." He traced with his fingers from 
her arm to her shoulder, 

"Well, if you say so," she said, still 
sounding unconvinced. 

When we returned to the residents' 
lounge, the chief of neurology said that 
we had seen a classic example of unilat¬ 
eral neglect, caused by damage to a par¬ 
ticular part of the brain. "I've seen many 
cases like this," he explained. "People 
can still perceive sensations from the left 
side of their body, but they just don't pay 
attention to them. A woman will put 
makeup on only the right side of her 
face, and a man will shave only half of 
his beard. When they put on a shirt or a 
coat, they will use their left hand to slip 
it over their right arm and shoulder, but 
then they'll just forget about their left 
arm and let the garment hang from one 
shoulder. They also don't look at things 
located toward the left or even the left 
halves of things. Once I saw a man who 
had just finished eating breakfast. He 
was sitting in his bed, with a tray in front 
of him. There was half of a pancake on 
his plate* 'Are you all done?' I asked. 
'Sure/ he said, I turned the plate around 
so that the uneaten part was on his right. 
He gave a startled look and said, 'Where 
the hell did that come from?'" 



The exercise on the 
CD-ROM for Chapter 3 
entitled "Figures and 
Diagrams" will help you learn the 
names and locations of the major 
structures of the nervous system. 


T he nl neurtxscience reseajcli is lo luider.stancl hi>w ilie brain works. To un- 
dersiantl tlie results nl‘dds research, you must he acquaiuted wiili die basic 
su’ucuire oj the nei voiis system. The number ol terms imroduced iu iliis chap¬ 
ter is kept to a minimnui {biti as you will see» the minimum is still a rather large uum¬ 
ber)* (See Chapta^r 3 Animatiom: Figarvs and Dia^amsA With the irametvork you will 
receive ironi tliis chapter and from the aiiiuiatioiis* you should have no trouble 
learning the maleiaal presented In subse(|uetu ebaptei s. 



Features of the Nervous System 


Before beginning a flescription of the nervous system, I watit to discuss the terms 
that are used to describe it, 'Fhe gross anatomy oi ilie brain was descrifyed long ago, 
aufl everything that could be seen without the aid ofa microscope was given a name. 
Early anatomists namerl mcjst brain sirtictures according to their similarity tty ctym- 
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nionplace objects: amvgdala, <h' ''alnioncl-shapecl object'^ hippocampus, or '‘sea 
liorse'’: geniu or *'knee”; coriex, or ‘'bark"; penis, or '‘bridge’^; uncus, or "hook," lo 
give a lew examples, Thj'ouglioui this hook I will translaie the names of anatomical 
terms as I introduce them, because the translation makes the terms more memo¬ 
rable, For example, knowing that rvnVev means "bark" (like the bark of a tree) will 
help you to remember that tlie cortex is the outer layer of the brain. 

When describing featuies of a sirtictiire as complex as the brain, we need to 
use lenns denoting directions. Directions in the ner%ous system are normally de¬ 
scribed relative lo the neuraxis^ an imaginary line drawn through the spinal cord 
up to the front of the brain. For simplicity's sake, let's consider an animal witlt a 
straight ueiiraxis. Figure 3.1 shows an alligator and two Inuuaiis. This alligator is 
certainly laid out in a linear fashion; ive can draw a straight line that starts be¬ 
tween its eyes and coniilines down the center of its spinal cord, (See Fi^ire 3.L) 
Tlie front end is anterior, and the tail is posterior. Die terms rostral (toward the 


neuraxis An imaginary line drawn 
through the center of the length 
of the central nervous system, 
from the bottom of the spinal 
cord to the front of the forebrain 

anterior With respect to the cen¬ 
tral nervous system, located near 
or toward the head. 

posterior With respect to the 
central nervous system, located 
near or toward the tall. 

rost ra I ' Towa rd t he beak: wi t h 
respect to the central nervous sys¬ 
tem. in a direction along the neu- 
raxis toward the front of the face. 


Figure 3.1 

Side and frontal views of alligator and human, showing the terms used to denote anatomical directions. 
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Dorsal 
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Caudal or 
posterior 
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Lateral 
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caudal "Toward the tail": with 
respect to the ceritral nervous sys¬ 
tem, in a direction along the neu- 
raxts away from the front of the 
face 

dorsal "Toward the back:”; with 
respect to the central nervous sys¬ 
tem, in a direction perpendicular to 
the neuraxis toward the top of the 
head or the back, 

ventral "Toward the belly"; with 
respect to the central nervous sys¬ 
tem, in a direction perpendicular 
to the neuraxis toward the bot¬ 
tom of the skull or the front sur¬ 
face of the body. 

lateral Toward the side of the 
body, away from the middle, 

medial Toward the middle of the 
body, away from the side, 

ipsilateral Located on the same 
side of the body 

contralateral Located on the 
opposite side of the body* 

cross section With respect to 
the central nervous system, a slice 
taken at right angles to the 
neuraxis, 

frontal section A slice through 
the brain parallel to the forehead, 

horizontal section A slice 
through the brain parallel to the 
ground, 

sagittal section isadj / tuf) A slice 
through the brain parallel to the 
neuraxjs and perpendicular to the 
ground. 

midsagittal plane The plane 
through the neuraxts perpendicular 
to the ground; divides the brain 
into two symmetrical halves. 


beak) and caudal (it)\vaid ihe tail) are also cinplovctl, especially wheJi relerring 
specifically lo the brain. The top of the head and the back are part ofdlie dorsal sur- 
iUce, wfiile the ventral (Ironi) surface faces the grcauid. {Dotwiatt means ''backhand 
jmiintm means “belly.'') I’liese direttiojis are somewhat more complicated in the 
liuinaii; because we stand uprigln, our neuraxis bends, so ilie top of the iiead is per- 
pendiciilar to ttie twek. (\bti will also t-nromitcr tlie terms sit/jmVrand injmor. [n re- 
ierring to the brain, means “above," and means “below.” Foi‘example, 

ibe stilmior roi/irull located above the iii/nior rollif tiii) The frontal view^s of hotli 
the alligator and the human illustrate the terms Lateral and medial: toward tlie side 
and toward the mid line, respectively. (See Figure 3,L} 

Tw't) other useful terms are ifwhlnriiami coviraiatnaL Ipsilateral refers to struc¬ 
tures oil the .same side of the body. If we say that llie (jlfaciory Inillj sends axons to 
the ;!//,s77r//m//hemispherc, we mean that the left olfactory Inilb scuds axons to lire left 
hetuispliere and tlie right ol lac lory bulb sends axons to the right hemispliere. Con¬ 
tralateral refers to struciuieson opposite side's ofThe body. If We sav that a particu¬ 
lar region of the left cerebral cortex controls movements of the fonIrahfera/himd, 
we mean that the region controls mf>vements of the right hand* 

To see what is in the nervous system, we have to cut it o)ien; to lie able to con¬ 
vey information about w hat we find, \ve slice it in a standard way* Figiu'e shows a 
human nervous system. We can slice tlie nervous systeiti In three ways: 

1. Transversely, like a salami, giving tis cross sections (also known as frontal sec¬ 
tions wlien referring to the brain) 

2* Parallel to the grounth giving us horizontal sections 

3* Perpendicular to the gn>und and parallel to the ueuraxis, giving us sagittal sec- 
tions> The midsagittal plane divides the brain into two symineirical halves. Tlte 
sagittal section in Figure 3.2 lie,s in tlie midsagittal plane. 

Note that because of f)ur upright posture, cross sections ol the spinal cord are ]>ar- 
allel to the ground* (See figttre S,2,) 


An Overview 

The nervous system ccjnsisis of the l>rain and spinal cord, which make up the anitmi 
nrrvous sysinn (CIXS), and the cranial nerves, spinal nerves, and jDeriphei’al ganglia, 
which constitute the f}rnj)hriYiI nenmns.system (P\-S}. llie CNS is encased in hone: The 
brain is covered by the skull, and the s|>inal cord is eticased by the verteljial column* 
(See TaMei,/,) 

Figure 3.3 shows the relation of tlie liraiu and spinal cord to the rest of the 
hotly. Do not be eoueerneti W7tb unfamiliar labels on ibis figure; these structures 
will be described later. (See Figi4re 33 on page 6fi.} The brain is a large mass of neu¬ 
rons, glia, and other siippoi ting cells, h is the most proteeLed organ of the liody; en¬ 
cased in a tough, bony skull and lloating in a pool of cerelirospinal fluid. Tlie lirain 
receives a copious supph of blood and is chemically guarded by the hlood-hi aiii 
barrier* 


Table 3.1 


The Major Divisions of the Nervous System 


Central Nervous System (CNS) 


Peripheral Nervous System (PNS) 


Brain 

Spinal cord 


Nerves 

Peripheral ganglia 
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Figure 3.2 

Planes of section as they pertain to the human central 
nervous system. 
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Meninges 

Tlic ciuijr nervous system—brain, spinal ca>rd, cranial and spinal nerves, and pe¬ 
ri pli era! ganglia—is covered bv inugli connective tissue. The protective slicaths 
around ilie brain and sjjinal ctirrl are referred to as ilie menitiges (singular: mntinx}. 
Tlie meninges consist of tliree layers, wliicli are shown in Figure 3,3, The outer layer 
is thick, tough, and flexible but unslielcf’iaf>le: its name, dura mater, means *"hard 
inoiher,”The tniddlc layer ol the meninges, the arachnoid membrane, gels its name 
from the vveltlike appearance of ilie amr/Diohl frfihfrukifilvAl protrude from it (from 
dte Greek auirfirtet meaning “spider”; trnhf^nih means *Track”). Tlie araclnnnd inem- 
f>rane, s<)fi an<l spongy; lies beneath the dura mater. Gloselv atiaclied to tfie brain 
and spinal cord, and following every surface convoluiion, is the pia mater (“pious 
mother'). I he smaller surface filood vessels of the brain and spinal cord are con¬ 
tained within this layer. Between the ])ia mater and the arachnoid inemhratie is a gap 
called the subarachnoid space. Fids space is filled with a liquid called cerebrospinal 
fluid (CSF), (See Figure 3.3,) 

The perijdieral nervous system (PXS) is covered with two layers of meninges. 
Fhe middle laver (arachnoid membrane), with its associated poo] oft-SF, covers (ntly 
the brain and spinal cord. Outside the central nerttnis system, tlie outer and inner 
layers (dura mater and pia mater) i'nse and form a sheath that covers the spinal and 
crajiial nerves and the perijDheral ganglia. 


meninges (singular: meninx) 

{men in jee5) The three layers of tis¬ 
sue that encase the central nervous 
system: the dura mater, arachnoid 
membrane, and pia mater, 

dura mater The outermost of the 
meninges; tough and flexible. 

arachnoid membrane (a rak noyd) 
The middle layer of the meninges, 
located between the outer dura 
mater and inner pia mater. 

pia mater The layer of the 
menrnges that clings to the surface 
of the brain; thin and delicate 

subarachnoid space The flued- 
ftiled space that cushions the brain; 
located between the arachnoid 
membrane and the pia mater, 

cerebrospmaHluid (CSF) A clear 
fluid, similar to blood plasma, that 
fills the ventricular system of the 
brain and the subarachnoid space 
surrounding the brain and spinal cord. 
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Figure 3.3 

(a) The relation of the nervous system to the rest of the body, (b) Detail of the meninges that cover 
the central nervous system, (c) A closer view of the lower spinal cord and cauda equfna. 
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The Ventncular System and Production 
of Cerebrospinal Fluid 


rhc brain is vt'iy soli and jcllylikc. Hie considerahie weight nf a liiinian brain (ap- 
prnxiniaieiy 1400 g), along with its delicate ctinstruction, tiecessiiates dial it bv pro¬ 
tected iVoin si lock. A Iniiiian brain cannot even support its own weight well; it is 
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Figure 3.4 

The ventricular system of the brain, (a) Lateral view of the left side of the brain, 
(b) Frontal view. 
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dinkuli tu rcniovc and handle a frusli brain IVuin a recently dt-ct-ascd liuinan witli- 
(HU dainaf^in^ it. 

Fortunately, the intact lirain williln a liviiij( litiniaii is well prt>tccied. It lloats in 
a hadi off^SF contatned witliiri the snharaclnioid space. Because the braiji is com¬ 
pletely immersed in Hquicb its net weij^hL is reduced to approxiniatelv tSO g; thus, 
pressnrr" on the base oLthe bi ain is eonsideiably diminished. The (;SF snrrounding 
d)e brain and spinal cord also retiuces tlie shock to the eeniral nervous svstem that 
wottld be caused by sudden head movement. 

I he brain eontains a series of hollow, imereonnened rliambers called ventricles 
(“little bellies**), which are filled with (ISF. (See Figttre 3.4.) d'lie largest chamf>e[ s are 
the lateral ventricles, which are connected to the third ventricle* The third ventricle 
is located at the midlijie of the brain; its walls divide llic surrounding pan of the 
firain into symmetrical halves. A hritlge olTienral tissue called the m/is.ut 
cro.sses through the midflle of the third ventricle and serves as a convenient refer¬ 
ence point. The cerebral aqueduct, a long tube, connects the third ventricle to the 
fourth ventricle* The lateral venirieles eonstitiile the first and second vent rides, hut 
they are never relerred to as such. (See Figure 3.4.) 

Cerebrospinal fluid is extracted from die bh»od and resembles hhiod plasma in 
its composition* It is manuranured by special tissue with an especially licli blood 
supjily called the choroid plexus, winch protnKles into all ibiii’ oL the \ enii ides. (’SF 
is produced continuously; the total volume ol CLSF is approximately mb a ml the 
haildife (the lime it takes ibr lialfol tlie (*SF [>resent in ihe veniricidar system to he 
replaced by fresh fluid) is about 3 hcnirs. Theirfore, several times this amount is pro¬ 
duced by the choroid plexus eadt day. 

(brebrospinal fluid is piTKluced bv the choroid plexus tjiThe lateral ventricles 
and flows ini<j the ihirtl ventricle* More (^SF is produced in this ventricle, which then 
(lows through the cereliial ac|iiefhici to the I'ourth ventricle, where still more CS¥ is 
piTKhiced. File dSF leaves die Iburtfi veniride llirougli small optmings dial eonneci 
wilh tliesuhaiachnoid space surrounding the brain. The CSF ihen Hows ilirough the 
subai admoid space around the eentral nervfUis system, where it is reahsorl>ed into 
lilt- blood supply. (Stx> AnimaHon 3.1, Mminge.s and CSF.) 


ventricle (ven trik u!} One of the 
hollow spaces wtthin the brain, 
filled with cerebrospinal fluid. 

lateral ventricle One of the two 
ventricles located in the center of 
the telencephalon. 

third ventricle The ventride 
located in the center of the 
diencepbalon 

cerebral aqueduct A narrow 
tube interconnecting the third 
and fourth ventrides of the 
brain, located in the center of 
the mesencephalon. 

fourth ventricle The ventricle 
located between the cerebellum 
and the dorsal pons, in the center 
of the metencephalon. 

choroid plexus The highly vas¬ 
cular tissue that protrudes mto the 
ventrides and produces cere¬ 
brospinal fluid. 


See Animation 3J, 
Meninges and CSF, for 
an interactive tutorial 
on the meninges, the ventricular 
system, and the production, 
circulation, and reabsorption 
of CSF 
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INTERIM SUMMARY 


Basic Features of the Nervous System 

Anatomists have adopted a set of terms to describe the locations of parts of the body. 
An tenor is toward the head, poster/or is toward the tail, iateraf h toward the side, medial 
is toward the middle, dorsal is toward the back, and ventra/ is toward the front surface 
of the body. In the special case of the nervous system, rostral means toward the beak {or 
nose), and caudal means toward the tail. Ipsilateral means "same side," and con fra/a fera/ 
means "other side," A cross section (or, in the case of the brain, a frontal section) slices the 
nervous system at right angles to the neuraxis, a horizontal section slices the brain parallel 
to the ground, and a sagittal section slices it perpendicular to the ground, parallel to the 
neuraxis. 

The central nervous system (CNS) consists of the brain and spinal cord, and the 
peripheral nervous system (PNS) consists of the spinal and cranial nerves and peripheral 
ganglia. The CNS is covered with the meninges: dura mater, arachnoid membrane, and pia 
mater. The space under the arachnoid membrane is filled with cerebrospinal fluid, in which 
the brain floats. The PNS is covered with only the dura mater and pia mater. Cerebrospinal 
fluid is produced in the choroid plexus of the lateral, third, and fourth ventricles. It flows 
from the two lateral ventricles into the third ventricle, through the cerebral aqueduct into 
the fourth ventricle, then into the subarachnoid space, and finally back into the blood 
supply. 


r The Central Nervous System 


See Animation 3.2, The 
Rotatable Brain, for an 
interactive examination 
of the human brain. 



See Animation 3.3, Brain 
Slices, for a chance to 
examine and learn the 
names of internal structures of 
actual human brains. 



Although tlic brain is oxceerlingly coiiiplicatt'd, an uiuicislaiiding oftlic basic fca- 
uires of brain clcvelopnieni makes it easier to learn atitl ienieml)Ci tlic location of 
tile most iinporiant .struciuies. With Uiat end in minch I iniroduce these feaiiires 
lieie tn the context ofdeveiopmcni of ilie central nervous svsieim Two aiiimali<>ns 
will help you learn and remember the struelure of the brain. Ammafion 5.2, The 
Rotatable Brain is jnsi wliat tlie title implies: a tlrawing ofTlie fmman brain iliat von 
can njtale in three dimensions. You can cluiuse whetlier to see some internal sirtu- 
tures or see speciali/ed regions of t lie cerebral cortex. Animation 33, Brain Slices is 
even more comprehensive. It cotisists of two sets of photographs <>f human brain 
slices, taken in the transverse {frontal) and horizoiUal planes. As yon move the cur- 
sor across eacli slice, brain regions are tmtlined, and their names appear. If yon want 
to know how t(> pronounce lliesc name.s, yon can click on the regit>ti. Von can alstj 
see magnined views of the slices and move them around bv clicking and dragging. 
Finally, yon can lest yourself: The computer will pi eseiit names ni the regions shown 
in each slice, and yon try to click on the correct region. 


Development of the Central Nervous System 


TTte central nervous system begins early in embryonic life as a hollow tube, and it 
maintains tliis basic sliape even after it is fully developed. During development, pai ts 


of the tube elongate^ pockets and folds form, and the tissue around the tube thick¬ 
ens until the brain reaches its Inial form. 


An Overview of Brain Development 

Development of the nervous system begins around the eighteenth day alter con¬ 
ception, Fart of the erfoderm (outer layer) of the back oftlie embryo thickens and 
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Figure 3.5 

A schematic outline of brain development, showing Its relation to the ventricles, {a) and (c) Early 
development, (b) and (d) Later in development, (e) A lateral view of the left side of a semitransparent 
human brain, showing the brain stem "'ghosted in." The colors of all figures denote corresponding regions. 
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inrnis a [jhuo. The eclj^cs of ill is plate funii i that curl lowani each otlier alon^ 
a lurigitufliiial line, ruiiihiig in a rostra 1-eauclal fiireetioii. By the tweiitv-Hrst clay 
Lh ese ridges toiicTi each other and luse together, [drilling a tube—the neural tube— 
that gives rise to ihe Ivrain and s[>iiial cord. 

By die iwernv-eighili dav oT development the neural tube is closed, and ir.s ros¬ 
tral end lias de\eloped three interconnecied chambers. These chambers become 
ventricles, and the lissue dial surrounds iliem becomes the three major |>arts of die 
brain: the [orefiraiig the midbraiip and die hiiidbraim (See Figures 3 ,and 3.5c\} 
As develo[jinenL jjrogresses, the rostral eliamber (the lorebraiii) divides into three 
separate ]>arts, which become die two lateral ventricles and I lie third vent rick'. Hie 
region around die laleial ventricles becomes die ielence[3halon (“end brain"), and 
the region around die third ventricle becomes tlie flieneeplialon ("interbrain"). 
(See Figures 3.3b and 3.3ri.) In its linal Conn, die chamber inside the miflbrain (mes¬ 
encephalon) iiecotnes narrow, forming the cerebral at[ueduci, and two structures 
develojj in the liindbrain: the metencephalon ("afterln ain") and die myelen- 
eephalon (‘‘iitai i owbrain”). (See Figure 3.5e.) 

Table S.2 summari/es the terms I have introduced fieie anrl inciiiions some of 
tile major structures Ibund in each part of die brain. The colors in the table maicli 
tliose in Figure 3.5. These sti uctuies will be described in the remainder of the cliaj> 
ter. in the order in which lliev are listed in Table 3.2, (See Table 3.2.) 


Details of Brain Development 

Brain develo[>nienl liegiiis with a thin lube and ends with a structure weighing 
approximately 1400 g (alxmi 3 lb) and consisting oi'st‘\eral linnflreds of billions of 
cells. Where do these cells come from, and what ctmirols their growth? 


neural tube A hollow tube, 
closed at the rostral end. that 
forms from ectodermal tissue 
early in embryonic development; 
serves as the origin of the central 
nervous system. 
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Table 3.2 

r 

Anatomical Subdivisions of the Brain 



Major Division Ventricle Subdivision Principal Structures 


Forebrain 

Lateral 

Telencephalon 

Cerebral cortex 

Basal ganglia 

Limbic system 

Third 

Diencephalon 

Thalamus 

Hypothalamus 

Midbrain 

Cerebral aqueduct 

Mesencephalon 

Tectum 

Tegmentum 

- P 

0 

Faacth 

t. 

1 

■« 

.. |fe»ncepbg^ . 

. t 




Myej encephalon 

Medulla oblongata 


ventricular zone A layer of cells 
that line the inside of the neural 
tube; contains founder cells that 
divide and give rise to cells of the 
central nervous system, 

cerebral cortex The outermost 
layer of gray matter of the cere¬ 
bral hemispheres. 

radial glia Special glia with 
fibers that grow radially out¬ 
ward from the venincuEar zone 
to the surface of the cortex; 
provide guidance for neurons 
migrating outward during brain 
development. 

founder cells Cells of the ven¬ 
tricular zone that divide and give 
rise to cells of the central nervous 
system. 

symmetrical division Division 
of a founder cell that gjves rise 
to two identical founder cells; in¬ 
creases the size of the ventricular 
zone and hence the brain that 
develops from it. 

asymmetrical division Diviston 
of a founder cell that gives rise to 
another founder cell and a neu¬ 
ron, which migrates away from 
the ventricular zone toward its fi¬ 
nal resting place in the brain. 


Tilt' cells that litu^ ihc inside t>i the netiial Liil>c—die ventricular zon—give rise 
to il 1 C cells oft lie central nervous systeriL These cells divide, producing neurons aiul 
glia, wliicli ilieii iiiigraie away fVtnii the center. Ten weeks after cnnre[)tion tlte liraiii 
of the linnian fetus is about 1.25 cm (0,5 iin) long and, in cross .secUon, is mostlv ven¬ 
tricle—in culler words, iudlow space. By 20 weeks the brain is abtna 5 cm (2 im) 
long and has the basic sha])e tjf the maune iirain. In cross section we see more bi aiii 
tissue than vent ride. 

Let's consider the deM'lo[imeiu of the cerebral cortex, about wliicli most is 
known, (loiifx means ‘liark," and the cerebral cor lex, approximately 3 mm thick, 
sunonnds tlie cereliral heiiiis[>lieres like I he bark of a tree. Torreeied I’or btKlysi/e, 
the eerebral eorlex is larger in luniians than in any <Jliier s[>eeies. As we will see, cir¬ 
cuits of neurons in tlie cereliral C(>rtex jilay a vital role in eogniiion and comi’ol of 
movemeni. 

Tlie cerebral cortex develojis from llie inside <Hit. That is, the fit's! cells tf> he pro- 
dnred by the ventricular /one migrate a short distance and establish the first laver. 
I'be next cells pass ifirougli the fu st layer and Ibrm the second one, I he last cells to 
be pnifluceci must pa,ss through all tlie ones born before lliem. 

Wliat guides nemxms to their final resting place? Raklc (H172, 1988) discov¬ 
ered that a special foi 111 of glial cell [irovides [>athways that neurons follow dttring 
tiieir migrati<m. These cells, radial glia, extended fibers rati tally omward IVom the 
ventriculat /one, like spokes in a wheel. These fibers end In enplike I’eel tliat attaeh 
to the surface t)f the cortex, atul as tlie cortex grows thicker, these bbers grow along 
with it. 

The eells in the ventricular/one dial gi\e rise 10 neurons are known as founder 
cells. During tl)e first jihase of developnient, founder cells thvide, making new 
fdnncier cells and inereasing the si/e (jfTIie ventricular /one. Tills pliase is referrefl 
to as svnimeirical division, because tlie division of each lournler cell [>ix>duces two 
identical cells. I’hen, seven weeks after coiieepiion, founder ceils receive a signal 
l>egin a jjeriod of asjTnmetrical dmsion. During iliis phase Ibiuuier cells divide asvm- 
melt icallv, producing atiotlier founder cell, wfncli remains in place, and a neuion, 
wliicli travels outward into the cerebral cortex, guideci by the fiber of a radial glial 
cell. Neurons crawl ahmg ratlial fibers like amoebas, [>usliing their way llirough neu¬ 
rons that were born earlier and finally coming to rest, (See Figure 3,6J) 
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Figure 3.6 

A cross section through the nervous system early in its development. Radially oriented glial cells 
help to guide the migration of newly formed neurons. 
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Adapted from Rakic, R A small step for the cell, a giant leap for mankind: A hypothesis of neocortical expansion 
durmg evolution. Trends in Neuroscience, 1995, W, 383-388. 


I'lio period of asymmetrical divi.sion la.sts about three niontlis. Because llie fiii- 
nian cerebral cortex coniauis about 100 billion neurons, there are about one billion 
neurons migrating along radial glial fibers on a given day. The migration path of the 
earliest neurons is the sliortesi and lakes al)out one day. The last neurons Itave the 
longest distance to go, because the emlex is thicker by I Item I’lieir migration takes 
about two weeks. The end of’eortieal development oecm s when the founder cells re¬ 
ceive a chemical signal that causes them to die—a phenomenon known as apopto¬ 
sis (liicraily, a "*falling away"'). Molecules of the chemical iltal eonvey.s this signal bind 
with receptoi s that activate killer genes within tlie cells. {All cells liave these genes, 
but t>nly certain cells respond to the chenhcal signal that turns them on.) Once neu¬ 
rons liave migrated in their Jlnal locations, they begin forming cntnteciions with 
other neurons. Theygrtnv dendrites, vvhiclt receive liie terminal buttons from the ax¬ 
ons of other neurons, and lliey grow axons of their own. 

The venlrieular /one gives rise to more neurons titan are needeil. In fact, these 
neurons must eompele to survive. The axons of approxinralely 50 percent of these 
neuioiis do not find vacant poslsynaplic cells of the rigiil type with which to form 
synaptic connections, so iliey die by apoptosis. This phenomenon, ujo, involves a 
chemical .signal; when a presynapiic neuron eslalilislies synaptic ctunieetious, it re¬ 
ceives a signal from the postsynapuc cell that permits it to survivx^. The neurons that 
come too late do not fiiul any available space and therefore do not receive this life- 
sustaluiug signal. This scheme might seem wastefuk but apparently the evoktiionary 
process fotmd tliai the safest strategv^ was to produce u>o many neiirous atid let them 
fight to establish synaptic connections rather than Li y to produce exactly the right 
nuinher of each type of nenroti. 


apoptosis (ay po toe sis) Death 
of a cell caused by a chemccal sig¬ 
nal that activates a genetic mech¬ 
anism inside the cell. 
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Figure 3.7 

Evidence of neurogenesis, (a) A section through a part of the hippocampus, showing celts containing ON A 
labeled with a radioactive nucleotide, (b) A magnified view of part of the same section. 
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From Cameron, H A and McKay, R D G Journal of CompBrjtfVe Neurology, 2001,435. 406-417 Copyright © 2001, 
Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc, 


Dm ing clevelopnit'nt, ilioiisaiicls oi’clifTcreni pailiwavs—gnu^>s of axons ilrai 
connect one frrain region wiiii another—tlevelop in the brain, VMthin many of these 
pathways tfie connections iwc orderly and svsLeniatic. For exani]>le, the axons oI sen¬ 
sory neurons from llie skin form mderlv cc)nnections in lire brain: axons from tlie 
liule linger form synapses in one region, those of the ring Unger f orm svna])ses in a 
neigliboring region, and so on. In fact, the surface of the bodv ivS 'Snapped'' on the 
sui face f)f the brain. Similarly; the surface of the retina of the eye is "mapped"’ on 
amuhei region of the surface of die brain. 

For many yeai s researchers have believed that neurognifsis (produciioji of new 
neurons) does not take place in tlie fully developed brain. However, recent studies 
fiave shown this fielief to be Incorrect—tlie atlull brain contains some stem cells 
(similai’ to the foiincler cells that give rise to the cells of the developing lirain) that 
can divide and produce neurons. Detection of newly produced cells is done by acb 
ministering a small amomu of a radioactive form of one of the nucleotide bases dial 
cells use to produce the DX.\ that is needed for neurogenesi.s. 7'he next dav tlie an¬ 
imals" brains are removed and examined witli meiltods cle.scnberl in ('liapter 3. Such 
studies have found evidence for neurogenesis in the adult brain ((Cameron and 
MeKiiy; 201) 1.) (.See Figure 3,7,) However, although the mature brain can produce 
new neurons, there is no evidence yet that indicates that these neurons can establish 
connections to replace neural circuits that have been destroyed through iiijiiiy; 
stroke, or disease ([ lorncr and Gage. 2000). 


Evolution of the Human Brain 

The brains of the earliest vertebrates were smaller than those oi later animals- 
they were simpler as well. The evolutionary process brought about genetic dianges 
that were responsible for the development of more complex brains, with moir parts 
and more interconnections. 

The human brain is larger than that oJ any other primate when corrected for 
body si/.e—more than tliree times larger than that of a chimpanzee, our closest reUe 
live. What ty pes of genetic changes are required to produce a large brain? Consider¬ 
ing that llie difference between the genes of humans and tltose ofehimpanzees is only 
1.2 percent, the iiuriiber of genes responsible for the differences between the chim- 



pan/cc brain and llic Iniinan brain must be finiall. After all, only a small percentage 
of the 1 .2 fjen ent ts devoted to brain development In fact* Rakic (1988) suggests that 
the si/e diflcrences between these two brains could be caused by a very simple process, 
^^e just saw that the size t>l the veiiti icular /one increases during symmetrical di¬ 
vision oj the lounder cells located there, I he ultimate si/e of the brain is determined 
by ilie si/e oi’llie veniricular/one. As Rakic notes, each s\ inmetrical division doubles 
the number of foimder cells and tbits doul>les the si/e of the brain. The human 
brain is ten times larger than that ofa rhesus macaque monkev. Thus, between three 
and four adciitional symmetrical di\ision.s of founder cells would account Inr the dib 
i ere nee in the si/e of these two brains, lit fact, the stage of svm metrical division lasts 
about two days Icmger in humans, which provides encmgli time (br three more divi¬ 
sions. The period of asyrnntetrical division is longer, too, which accounts hir the fact 
that tlie liimian cortex is l:> [)ercenl thicker. Thus, delays in the termination of the 
svmmetrical and asymmetrical periods of developmciu could be responsible for llic 
increased si/e of the human brain. A few' simple mutations of the genes that cotUrol 
the timing of brain deveh>pment could be responsible for these delavs. 


The Forebrain 

As we saw, tlie forebrain surrounds ilie rostral end of the neural tube. Its nvo major 
components are the telcncepliahm and the diencephalon. 


Telencephalon 

The teleticcphalon inc ludes most of the two symmetrical cerebral hemispheres 
that make up the cerebrum. The cerebral hemispheres are covered by the cerebral 
cortex and contain the limbic system and the basal ganglia. Tiie latter two sets oi^ 
structures are primarily iit the subcortical regions ol'the brain—those located deep 
within it, beneath the cerc^bral cortex. 

Cerebral Cortex, As we saw, cortex means **bark,'' and the cerebral cortex sur¬ 
rounds ilic cerebral hemispheres like the bark ofa tree. In humans die cerebral cor¬ 
tex is greatly convolutetl. These convolutions, consisting of sulci (small grooves), 
fissures (large grooves), and gyxi (bulges between acljacent sulci or fissures), greatly 
enlarge the surface area of the cortex, compared with a smooth brain of tlie same 
si/e. In fact, two-thirds of the surface of the cortex is hidden in tlie grotwes; thus, the 
presence of g>Ti and sulci triples the area (>f the cerebral cortex, ( he total stirface 
area is appioxiniaLely 23bff cm- (2.5 ft-), and the thickness is ap[)roxiinately 5 mm. 
The cerebral cortex consists mostly of glia and die cell bodies, dendrites, and in¬ 
terconnecting axons of neurons. Because cells prednmiiiaLe, the cerebral cortex has 
a grayish brown appearance* and it is called matter. (See Figtire 3.8.) Millions of 
axons run beneatlt the cerebral cortex and connect its neurons with those located 
elsewhere in the brain. Tlie large concentration of myelin around these axons gives 
til is tissue an opaque wliite appearance—hence the term white met f ter 

Different regions of the cerebral cortex perform different rnnciions. Three re¬ 
gions receive information from the sensory fu gans. The primary \Tsual cortex, which 
I eceives visual information, is bleated at the back of the braiti, on the inner sm faces 
of the cerebral hemispheres—primarily on the upper and lower banks of the cal¬ 
carine fissure. means '*spur-siiaped. See Figure 3.9.) Tlie primary auditory 

cortex, which receives auditory inlormatiiin, is located on the upper surface ofa 
deep fissure in the side tjf the brain—tlie lateral fkssure. (See inset. Figure 3.9.) The 
primary somatosensory cortex, a vertical strip ofeortex just catidal to the central sul¬ 
cus, receives information from the body senses. As Figure 8.9 slioivs, different re¬ 
gions of the primary somaitisensory cortex receive infoiaiiaiion from different 
regions of the body, hi addition, the base of the somatosensory cortex receives in- 
formation concerning taste. (See Figure 3.9.) 
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forebrain The most rostral of the 
three major divisions of the brain; 
includes the telencephalon anddi- 
encephafon. 

cerebral hemisphere (sa ree 

bruh One of the two major por¬ 
tions of the forebrain, covered by 
the cerebral cortex, 

subcortical region The region 
located within the brain, beneath 
the cortical surface. 

sulcus (plural; sulci) isut kus^ sut 
sigh) A groove in the surface of 
the cerebral hemisphere, smaller 
than a fissure 

fissure A major groove in the 
surface of the brain, larger than a 
sulcus. 

gyrus (plural: gyri) ijye fussjye 
rye) A convolution of the cortex 
of the cerebral hemispheres, sepa¬ 
rated by sulci or fissures. 

primary visual cortex The re¬ 
gion of the posterior occipital lobe 
whose primary input is from the 
visual system. 

calcarine fissure {kal ka fine) A 
fissure located In the occipital lobe 
on the medial surface of the 
brain; most of the primary visual 
cortex is located along its upper 
and lower banks, 

primary auditory cortex The re¬ 
gion of the superior temporal lobe 
whose primary input is from the 
auditory system. 

lateral fissure The fissure that 
separates the temporal lobe from 
the overlying frontal and parietal 
lobes. 

primary somatosensory cortex 

The region of the anterior parietal 
lobe whose primary input is from 
the somatosensory system, 

central sulcus (sut kus) The sul¬ 
cus that separates the frontal lobe 
from the parietal lobe. 
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Figure 3.8 

A slice of a human brain showing fissures and gyri and the layer of 
cerebral cortex that follows these convolutions. 
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Figure 3.9 

A lateral view of the left side of a human brain and part of the inner surface of the right 
side. The inset shows a cutaway of part of the frontal lobe of the left hemisphere^ 
permitting us to see the primary auditory cortex on the dorsal surface of the temporal 
lobe, which forms the ventral bank of the lateral fissure. 
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Wiih the excepiioii olOIfhctioti and gustaiioii (iasLe)< 
scnsoi v injdrniaiion froin the body or the ciiviroiinient is 

< t 

sent K) priniary sensory cortex oi'tlic ttniti alaleral henii- 
sphere. Thus, llic primary stnnaiosensory cortex of the 
left henhs[)here learns what dte ri^ht liancl is liolding, the 
left primal y visual cortex learus wliai is ha[>pethng toward 
ilie person's riglii, atid st> on. 

The region of ilie ceiebral cortex that is most direcilv 
iiu'olved in ifte et>ntrol of movement is ilie primary motor 
cortex, located just in from of the primary somatosensory 
cortex. Neurons in different parts of the primarv mt>tor 
cortex are eontiected to muscles in different parts of the 
hotly The connections, like iftose of the sensory regions 
of the eerehral ctiriex, are contralateral; the left primarv 
motor cortex controls the right side of the hodv and vice 
versa. Thus, if a surgeon places an electrode on the sur- 
faee of the primary moKu' eortex and slimuhites the neu¬ 
rons til ere with a weak electrical currenu the result will he 
movement of a particular ]>art of the IkkIv, Moving llie 
electrode to a different spot will cause a fliirereni part of 
tile liody to move. (See Fi^ire 3.9.) I like to tliink of the 
strip of pi imai y motor cortex as tfie keyboard of a piano, 
witfi eacii key com rolling a different move men 1. (We will 
see shortly who the “[)layer” of this piano is.) 

Flic regions of primary sensory anrl motor cortex oc^ 
cupv only a small part t>f lire cerebral cortex. Tlie rest of 

the cerebral cortex aceomphshes what Is done between sensation and action: per¬ 
ceiving. [earning and remembering, [jlatniing, and acting. Thes<‘ processes take 
plact^ in tile assonfUhm arms ofTlie eerehral cortex. The central sulcus jirovides an 
important di\iding line between the rostial and caudal regions of the cerebral cor¬ 
tex. (See Fientire 3.9.) The rostral regimi is involved in movement-related activities, 
such a.s planning and execniing behaviors. Tlie caudal regiem is involved in per¬ 
ceiving and leal ning, 

DiscUsSsing the various regions of the cerebral cortex is easier if We have names 
for tfiem. In fact, tite cerebral cortex is divided into fbnr areas, or lohrs, named fdr 
ihe bones of the skull that cover them: the frontal lobe, ]5ai ietal lobe, temjioral lobe, 
and occipital lobe. Of cotirse, ilie brain contains two of each lobc% one in each hcaiii- 
splierc.The frontal lobe (the Trcmt") includes everything in from of tlie central sul¬ 
cus. Tlie parietal lobe (the Nvafl") is located on the side of the cerebral hemisphei e. 
just l>elhnd the cetiiral sulcus, caudal to the frontal lobe. The temporal lobe (the 
''tenif^le") juts forward from the base of the brain, ventral to the fnnital and [xirieial 
lobes. The occipita] lobe (from the Latin ok "in back of," and m/mi. "head") lies at 
the very back ol tlie brain, caudal to the parietal and temporal lolies. Figure H.IO 
shows these lobes in three views ofihe cerebral hemispheres: a ventral view (a vtc^w 
from the bottom), a midsagittal view (a ^iew(^^ the inner surfiice of the right hetiii- 
spliere after the left heniisjdiere lias been removed), and a lateral view. (See Figure 
3.10.) 

Kach primary senstn y area of the cerebral cortc'x sends hifbnnation to adjac ent 
regions, called liie .sensory association cortex. Circuits of neurons in the seiisorv av 
sociation cortex analy/e liic information received from the primarv sensorv ccu tex; 
perception takes place there, and memories are stored there, fhe i egions of the 
semsory association cortex IcK'ated ciosc\st to ihe jjriniary sensorv areas rc'ceive iti- 
fonnalion from only one sensory system. For c-xaniplc, the reghni closc^si uj the pri¬ 
mary visual cortex anaiy/es visttal information and stores visual memories. Regions 
ofilic sensory association coi tex located far from the primary sensory areas receive 



The ability to navigate depends heavily on circuits of neurons in 
the parietal lobe. 


primary motor cortex The re¬ 
gion of the posterior frontal lobe 
that contains neurons that control 
movements of skeletal rnuscies. 

frontal lobe The anterior portion 
of the cerebral cortex, rostral to 
the parietal lobe and dorsal to the 
temporal lobe. 

parietal lobe (pa rye i tuD The 
region of the cerebral cortex cau¬ 
dal to the frontal lobe and dorsal 
to the temporal lobe. 

temporal lobe (tern por u/) The 
region of the cerebral cortex ros¬ 
tral to the occipital lobe and ven¬ 
tral to the parietal and frontal 
lobes, 

occipital lobe {ok sip i tui) The 
region of the cerebral cortex cau¬ 
dal to the parietal and temporal 
lobes. 

sensory association cortex 
Those regions of the cerebral cor¬ 
tex that receive information from 
the regions of primary sensory 
cortex. 
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Figure 3.10 


The four lobes of the cerebral cortex, the primary sensory and motor cortex, and the association cortex, (a) Ventral 
view, from the base of the brain, (b) Midsagittal view, with the cerebellum and brain stem removed, (c) Lateral view. 
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motor association cortex The 

region of the frontal lobe rostral 
to the primary motor cortex; also 
known as the premotor cortex. 


Primary 

somatosensory cortex 

Par i eta I 

UirunnatioM fi oin more tlian unv srnstvry syjiieni; thus, 

Primary involved in sevvra) kinds ol pvrcc[)tions and 

_ . visual nuMiinrit's. Tlicsc rcirions make* it possible to iiUceiatv 

Somatosensory ^ ^ i . ir 

V Lorifcjx inlonnation ironi niorr iliaii nnv seiisoi y systcim roreX' 

^ ample, vve can learn the connect ion hciwcrn the sight of 

a pai lien far face and the sound (d a [>articnlai’ voice, 

(Sev Figure 3JO.) 

[[ people sustain damage to the somatosensory asr 
social ion cortex, tlieir deficits are related ni somaU»sen- 
sation and tt> the en^ iron men t in general: for example, 
tliev mav have dilliculiy perceiving the shapes ol ohjeels 
lliat lliev can toncli hut not see, ihev mav l)e unable to 
name parts ol ilieir btxlies (see the case below), t>r they 
may have trouble drawing maps(>r iollowing them. l)e- 
sirtitlion oflhe f>rimary visual cortex causes blindness. 
However, although people who sustain damage to tlie vi¬ 
sual association cortex will nol become Idind, they may 
be unable lo rt‘cogni/e objects by sigln. People who sus¬ 
tain damage lo llie andiioj y association cortex may have 
difVicnhv perceiving speech or even prodvtcing mean¬ 
ingful sL>eech of their own, People \vho sustain damage u\ regions of llie association 
coi tex at the junction of the three ptjsiei ior hd>es, where the somatosensory, visual, 
and avitlitorv fhnciions overlap, mav have dilTienliy reading or writing. 

Just as regions ol the seusorv associaiicni cortex oi the p<jsteri<jr part of the brain 
are involved in perceiving aiul remembering, the frontal as.sociation ct>rtex is in¬ 
volved in the planning and execitlioti of jiiovements, Ihe motor association cortex 
{also known as the /frrtnohi rortex) is locaietljitst rostral lo the [)rimarv tnoior cortex, 
d his region controls the primaiT motor eoriex; tints, it threctly controls behavior, tl 
the pritnarv nnUor cortex is the keyboaixl ol the piano, then the motor association 
cortex Is the piano player. The rest of the frontal lobe, rostral to the motor assoda- 
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lion coi icx, is known as ihv prefrontal cortex* Tliis oj‘ (he brain is less in¬ 

volved with the conirol of rnovenieni and more involved in formuhuinj^ plans and 
strategies. 

Aliln)iigh die iw'o ceiehral hemispheres eoo[}erate with each other, tfiev do not 
perform identical functions. Some functions are hifrraUz/'fi —located primarily on 
one side of the brain. In frencrah tlie left liemisphere paiaicipates in die of’ 

inldrniation—the extraction of the elements that make up the whole ofan experi¬ 
ence, J’fds ability makes ihe left hemisphere particularly good at recognizing serial 
nrenLs —LWents whose eiements occur one after the otlier^—and comrolling setjncnces 
(»i l>cliavior. (In a few people tlie fimclions of the left and right hemispheres arc re¬ 
versed.) The serial lunctions that are performed by the left hemisphere include ver- 
bal activities, such as talking, understanding the speech of other people, reading, 
and writing. These abilities are disrupted by damage to tlie various regions ofhhc lef t 
hemisphere. (1 will say more about language and the brain in ('hapiei' LS,) 

In contrast, the right hemisphere is specialized for syalhesis; it is pariicitlarlv 
good at jMilting isolated elements together to perceive things as a whole. For exam- 
[)h% our ability to draw sketches (especially of three-dimensional objects), read ina[>s, 
and conslmcl complex objects out of .smaller elements depends heavilv on circuits 
of neintms ilia I aie located in the right hemisphere. Damage to the right hemi¬ 
sphere disrupts these abilities. 

We are not aware of die fact tliat each hemisphere perceives the world tlif f’er- 
enily. Although the two cerebral hemispheres perform sonicwvhai different func¬ 
tions, onr peireplions and our memories are unined. This unity is acci>mplishecl fiy 
die corpus callosum, a large band of axons tliat connects corrc^sponding parts of the 
associatitm cortex of the left and right hemispheres: The left and right temporal 
kilies are connected, the left and right [xirieial lobes are connected, and so i>n. Be¬ 
cause of tfie coi’piis callfjsum, each region of the association ct^rtex knows w'hai is 
liappening in the corresptmding region of the opposite side of the brain. 

Figure Sd 1 show's a maisai(ii(al of’the brain, file Inaiii (and pan of the 
sjnnal cord) has fieen sliced down the middle, dividing it into its uvo svmnietrical 
halves. The left half'has been removed, so wv see the inner surface of the right lialf 
1 lie* cca ebral cortex tliat covers most of the surf ace of the cerebral heinisplieres (in¬ 
cluding the frontak parietal, occipital, and temporal lobes) is called the neocortex 
(''new” cortex, because it is of relatively recent evolutional v oi igin), Anoifier i’tirni 
of cerebral cortex, tlie limbic cortex, is locaterl around the medial edge of’the cere¬ 
bral hemispheres (limhus means "borfler”), I’he cingulate gyras, an iinporiani re¬ 
gion of the limbic cortex, can be seen in this figure. (See Figure 3JL) In addition, 
if you look back at the top two drawings in Figure S. 10, yon will see that the limbic 
cortex occupies the regions that liave luu been colored in, (Refer to Figure 3JO.) 

figure -kl \ also shows the corpus callosum. To slice the brain into its iw<j svm¬ 
nietrical halves, one must slice tbniugh tlie middle of the corpus callosum. (Recall 
that I clesrrihed the split-brain operaticni, in which the ct>rpus callosum is severed, 
in Cliapter 1.) (.See Figure 3JI,) 

.Vs I mentioned earlier, one ot the Cliapier 3 animations on the CD-ROM will 
permit yon to view' the brain from various angles and see the lf>caiions of’ die sjie- 
ciali/ed regit>ns of the cerebral cortex. (See Animation 3.2, The Rotatable Brain.) 


iimbk Sysfem. A nemoanatomist, Papez (1937), suggested tliat a set of huer- 
connected firain slrucuires formed a circuil whose primary function was mtuivation 
and emotion. This system included several regions of the limbic cortex (already de¬ 
scribed) and a set of iiuerctmnected striicture.s surrounding the core of the fore- 
hrain. A physiohjgist, MacLean (1949), expaniled the system lt> inclufle other 
structures and coined the term limbic system. Besides the limbic C( If lex, tlie most im¬ 
portant pans of the limbic system are the hippocampus ("sea horse”) ancf the amyg¬ 
dala ("almond”), located next to the lateral ventricle in the lemptnal lobe, I'he 
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prefrontal cortex The region of 
the frontal lobe rostral to the mo¬ 
tor association cortex 

corpus callosum (ita ioh sum) A 
large bundle of axons that inter¬ 
connects correspondmg regions of 
the association cortex on each 
Side of the brain. 

neocortex The phylogenetically 
newest cortex, including the pri¬ 
mary sensory cortex, primary mo¬ 
tor cortex, and association cortex. 

Ifmbic cortex Phylogenetically 
old cortex, located at the medial 
edge Tlimbus") of the cerebral 
hemispheres: P^rt of the limbic 
system, 

cingulate gyrus {sing yew tett) 

A strip of limbic cortex lying along 
the lateral walls of the groove 
separating the cerebral hemi¬ 
spheres, just above the corpus 
callosum. 

limbic system A group of brain 
regions includmg the anterior 
thalamic nuclei^ amygdala, hippo- 
cam pus< limbic cortex, and parts of 
the hypothalamus, as well as their 
interconnecting fiber bundles, 

hippocampus A forebrain struc¬ 
ture of the temporal lobe, con¬ 
stituting an Important part of 
the limbic system; includes the 
hippocampus proper (Ammon's 
horn), dentate gyrus, and 
subiculum. 

amygdala (a mig da fa) A struc¬ 
ture m the interior of the rostral 
temporal lobe, containing a set of 
nuclei; part of the limbic system. 


See Animation 3.2, The 
Rotatable Brain, for an 
Interactive examination 
of the human brain. 
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Figure 3.11 

A midsagittat view of the brain and part of the spinal cord. 
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Figure 3.12 


The major components of the limbic system. All of the left 
hemisphere except for the limbic system has been removed. 
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fornix (“arch”) is a fiuncllc of axons lliaL cojinocts tltc hi[>p<jcampiis wiili f>thcr re¬ 
gions oitlic i>i’aitL iiu liiflin^ ilie nianimillary (*1)i casi-shapecr^) bodies, protrusions 
on tlic base ol tlu- iiiain lliai contain parts of the Iiypotlialainns. (See Ft^ire 3J2.) 

MacLeaii noted that tile evolution o( tins system* vvliicli intitules the first atul 
simplest form of cerel>ral txji tex, aj^pears ut liave coincideti with llie des‘elo[nnem 

oreinotional responses. As ytm will see in (lhajjier 14. we 
now know iliai parts of llic liniblt system (notably, tlit' 
liippocampal rormaiion anti ilie region of litnbic cortex 
iliat siirrotmcU it) are involved in learning and memory. 
The amygdala and some regions of limbic eoriex ai e 
s[jecifically involved in enxrtions: feelings and expres¬ 
sions of emoiions* emotional mejiiories, and recogni- 
lion of tlte signs of'einolioiis in t)Uier peoj^le. 

Basal Ganglia. The ba.sa1 ganglia are a col led ion of 
subcortical nuclei in the fdrebiain tliat lie [>eneaih the 
anierior portion oi the lateral veniiicles. Nuclei are 
groups of neut oijs ol similar shape. (4 he vvoi fl Hiirieus, 
from the (ireck word for 'hint/' can refer to the inner 
jjoruoii of an atom, to ilie strnciure of a cell that con¬ 
tains liie chromosomes, and—as in tliis ease—lo a C(jb 
lection of iienroiis located witltiti the brain.) fhe m;yor 
parts of die basal ganglia are the mu/iate Jiurlrns, the 
and the glabus iMiltiffns (the 'hinclens witlt a tail,"' 

Cerebellum ‘'shell/' and the ''pale gloi>e"). (See Ftgttre 3.13). The 

basal ganglia are involved in the control of movement. 
POr exam[>ie, ParkinsoiTs disease is caused by degener- 
_ atioii of certain neurons located in the tnidbrain that 
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Figure 3.13 

The tocation of the basal ganglia and diencephalon, ghosted tn to a semitransparent brain. 


Caudate nucleus 
and putamen 



send axons to the caiitiate niieleus and tlie puianien. The syin]Moms of tins disease 
are of weakness, tremors, rigidity olThe limbs, poor balance, and difficiilty in in in- 
iiiov^inents. 

Diencephalon 

Tlie second jitajor division ni the fu[cl:)rain. lire diencephalon, is situated be¬ 
tween ific telencephalon and the mesencephalon: It sui i ounds the ihii cl ventricle. 
Its two most important strticmres are the thalamus and die hvpothalannis. (See Fig¬ 
ure 3 J 3.) 


Thsfsmus, The thaiamits (irom the tireek /hrilummy “inner chamber ’) makes 
up the dorsal part of die dienceplialon. It is situated near the tniddle oldhe cerebral 
bemisplieres. immediately medial and caudal to the basal gan^dia. The thalamtis has 
two lobes, connected by a biid^e ^ray matter called the massfi iutmurflia, whicfi 
pierces the middle of the third ventricle. (Sec Figure 3J3,) The massa iniennedia is 
proliahly not ati iiiiponani structure, because it is absent in liie brains ol nianv peo¬ 
ple. I lowevei; it serves as a useful reference point in lookin^^ at diaj^rams (>1 die brain; 
it appears in Figures 3.4, 3.1 I, 3.13, and 3.14. 

Most neural input to the cerebral cortex is received from the thalamus: indeed, 
much of the cortical sui face catr be divided into regions dial receive projections 
from specific pari.s of the thalamus. Projection fibers are sets t>faxons that arise fioiii 
cell bodies located in one region of the brain and synap.se on neurons bleated within 
another region (that is, they juvjed U) these regions). 

The thalamus is divided into several nuclei. Some thalamic nuclei receive sen- 
-soiy information from the .sensory systems. The neurons in these nuclei then relay 
tlie sensory information to specific senstn y projection areas of die cerebral cortex. 
For example, the lateral genicuJate nucleus receives information from the eve and 
sends axons to the primary visual cortex, and the medial geniculate nucleus receives 
information fnmi the inner ear and sends axons to the primary audiiorv txirtex. 
Other thalamic nuclei pniject to specific regions of die cerebral cortex, but they 
do not relay seti.sory information. For example, tlie ventrolateral nucleus receives 


fornix A fiber bundle that 
conneas the hippocampus with 
other parts of the brain, mdudrng 
the marnmrilary bodies of the 
hypothalamus: part of the limbic 
I system, 

mammillary bodies fmam i fair 
ee) A protrusron of the bottom 
of the brain at the posterior end 
of the hypothalamus, containing 
some hypothalamic nuclei; part of 
the limbic system. 

I basal ganglia A group of subcor¬ 
tical nuclei m the telencephalon, 

I the caudate nucleus, the globus 
! pal fid us, and the putamen; impor¬ 
tant parts of the motor system, 

nucleus (plural: nudej) An iden- 
titrable group of neural cell bodies 
in the central nervous system. 

diencephalon (cfy en seff a lahn) 

A region of the forebrain surround¬ 
ing the third \/en1ricle: includes the 
thalamus and the hypothalamus. 

thalamus The largest portion of 
the diencephalon, located above 
the hypothalamus; contains nuclei 
that project information to spe¬ 
cific regions of the cerebral cortex 
and receive information from it. 

projection fiber An axon of a 
neuron in one region of the brain 
whose terminals form synapses 
with neurons in another region. 

lateral geniculate nucleus A 

group of cell bodies within the lat¬ 
eral geniculate body of the thala¬ 
mus that receives fibers from the 
retma and projects fibers to the 
primary visual cortex, 

medial geniculate nucleus A 

group of cell bodies within the 
medial geniculate body of the 
thalamus; receives fibers from the 
auditory system and projects 
fibers to the primary auditory 
cortex, 

ventrolateral nucleus A nucleus 
of the thalamus that receives in¬ 
puts from the cerebellum and 
sends axons to the primary motor 
I cortex. 
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hypothalamus The group of nu¬ 
clei of the diencephalon situated 
beneath the thalamus; involved in 
regulation of the autonomic ner¬ 
vous system^ control of the ante¬ 
rior and posterior pituitary glands, I 
a n d 1 n tegratio n of species-ty p ica I 
behaviors. 

optic chiasm ikye az'm) An X- 
shaped connection between the 
optic nerves, located below the 
base of the brain, just anterior to 
the pituitary gland. 

anterior pituitary glartd The 

anterior part of the pituitary 
gland; an endocrine gland whose 
secretions are controlled by the 
hypothalamic hormones. 

neurosecretory cell A neuron 
that secretes a hormone or hor¬ 
monelike substance. 


Figure 3.14 

A midsagittal view of part of the brain, showing some of the nuclei of the 
hypothalamus. The nuclei are situated on the far side of the wall of the 
third ventricle, inside the right hemisphere. 
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inronnatioii from iht' cerebellum aiui projects it to the jijj'imaiy muiur cortex, Aiul 
as we will see in CUiapter 9, several nuclei are iuvoberl in controlling the general e\- 
ciiabilitv of the cerebra! c<jrtex. To acccnnplisli tins task, these nuclei have wide- 
spi ead projeciioEis to all cortical regions. 



Hypothalamus. As its name implies, the hypothalamus lies at 
the base of die brain, under the thalamus. Although the hypothal¬ 
amus is a relatively small .structure, it is an important one. It controls 
tlie autonomic nervt>us system and the enckverine system and mga- 
nizes behaviors related tf) survival ofdhc species—the so-called four 
F*s: lighting, feeding, fleeing, and mating. 

The In ptulialamiis is situated on hotli sides of the ventral por¬ 
tion of the third venti icie. The hypotlialamus is a complex struc¬ 
ture, containing many nuclei and fiber tracts. Figure S. 14 indicates 
its location and si/e. Note dial tlic pituitary gland is attached to the 
base oi the hypothalamus via die pituitary stalk,Just iu frotil of the 
pituilarv stalk ts the optic chiaxm, where halt of die axous iti the o[>- 
lic nerves (from the eyes) cross from one sifle ofTlie brain to the 
other. (See Figure 3J4.) The role of the liypothalamus in the con¬ 
trol of die four F's (aiul otlier behaviors, siicli as drinking and sleep¬ 
ing) will he considered in several cha[ners later In tins book, 

Mtich of the endocrine system is con- 


Prolactin, ^ hormone 
produced by the anterior 
pituitary gland, stimulates 
milk production in a nursing 
mother. Oxytocin, a hormone 
released by the posterior 
pituitary glands stimulates 
the ejection of milk when the 
baby sucks on a nipple. 


trolled hv honnoties produced by cells in 
tlie liypodialamus, A special system of 
hhiod vessels rlirectlv connects die liv- 

i* * 

poilialannis with the anterior pituitary 
gland. (See Figure U5.) The livpotliala- 
inic honnonesare secreted by sptx iali/ed 
neurons called neurosecretory cells, lo¬ 
cated near die base tjj the pituitary stalk. 
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Figure 3.15 


The pituitary gland. Hormones released by the neurosecretory cells in the hypothalamus enter 
capillaries and are conveyed to the anterior pituitary giand, where they control its secretion of 
hormones. The hormones of the posterior pituitary gland are produced In the 
hypothaiamus and carried there in vesicles by means of axoplasmic transport. 
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Tliesc hormones sLinmlate the anterior pituitary j^lancl to secrete its lioi monrs. For 
example, grnimhfrofflrMelmxhiir hminonr causvs the anterior pituitarv j^iand la secrete 
the hormones, wliich play a role in reproductive physiolog)' and hehavion 

Most of the iiormones secreiecl by the anterior piuhtary j^laiid control other en¬ 
docrine glands. Because of this function, llie anterior pituitary f^land lias been called 
the body's “master ^land." For example, the gonadotropic Iiormones siiniulate llie 
gonads {ovaries and testes) to release male or I'emale sex hormoues. These Iiormones 
affect cells ihroughoul the body, including some in the brain. Twt) other anterior [u- 
luitary hormones-—prolactin and somatotropic [ioriTK>ne {growth hormone)—do 
not control cither glands but act as the final messenger. Tlic beliavioral effects tA' 
many of the anterior piliiitary hormones are discussed in later chapters. 

The posterior pituitary gland is in many ways an extension of tlie hvpoihalamns. 
The hypothalamus pn>duces the posterior pituitary hormones and three I Iv coninds 
their secretic>n. I’hese lionnt)nes include oxyUicin, which stimulates ejeciion of tnilk 
and uterine contractions at ihe lime of chiklhinh, and \ ast>prt'ssin, which regulates 
urine output by the kidneys. They are produced hy two different sets of neurons in 
the hypothalamus whose axons travel down ifie pituiTary stalk and terminate in the 
jiosterior pituitary gland. The hormones are carrietl in vesicles through the axo¬ 
plasm of these nenronsand collect in tlie terniinal hniions in tlie [josierior pituitary 
gland. VVlien these axons hie, the hormone contained wiiliin tlieii terminal buttons 
is liberated and enters the circulatory svsiem. 


posterior pituitary gfand The 
posterior part of the pituitary 
gland; an endocrine gland that 
contains hormone-secreting 
terminal buttons of axons 
whose cell bodies lie within the 
^ hypothalamus. 
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mid bra in The mesencephaion; 
the central of the three major divi- 
Sfons of the brain. 

mesencephalon {mezzen seffa 
lahn) The midbrain; a region of 
the brain that surrounds the cere¬ 
bral aqueduct; includes the tec¬ 
tum and the tegmentum. 

tectum The dorsal part of the 
midbrain: includes the superior 
and inferior colliculi. 


The Midbrain 

Tile midbrain (also tailed the mesencephalon) siuroiinds the cerebral aqueduct 
and consists ofTwo major parts: the tccium aud the legmentum. 


Tectum 

The tectum ("roof') i.s located in the dorsal portion of tlie [ncseiiccphaloii. Its 
principal structures are the superior colliculi anci the inferior coUicidi^ which appear 
as four blimps on the dorsal surface of the brain stem. The hraiu stem includes the 
dieiiceplialou* iiiidbiaiiu and hindbrain; it is so called because it looks just like 


Figure 3.16 

The cerebellum and brain stem, (a) Lateral view of a semitransparent brain, showing the cerebellum and brain 
stem ghosted in. (b) View from the back of the brain, (c) A dorsal view of the brain stem. The left hemisphere of 
the cerebellum and part of the right hemisphere have been removed to show the inside of the fourth ventricle 
and the cerebellar peduncles, (d) A cross section of the midbrain. 
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ituiL—stem, Fi^urt' sliows several views oTllie l^niiii stetn: lateral aiifl posterior 
views ol tlie hvAin stem iosirle a semitranspareol l>rain, an eiiiarf^ed view of I he l^raiii 
stem witli ]jart of the eerehelltmi cut away to reveal the inside of the iom tfi ventri¬ 
cle, and a cross section tlirough tfie mitibraiti. (See Figure 3J6.) The iiilerioi colli¬ 
culi arc a part ni the auditory system. Tlie supet ior eolHcnli are part ilie visual 
system. In mattimals iliey are primarily ijurrlved in visual redexes and reactions to 
moving stimuli. 

Tegmentum 

The te^nenliim ('Vovering'*) consists t>fThe pmaion of the ineseiicejjhaloii he- 
neaili the lectmih It includes lire rostral end of tlie reticular foi riiaLicm, several tiu- 
clei contr<filing eye movements, the ])eriaqne<lucial gray matter, the red miclens, 
the substantia nigra, and the \ eiural tegmental area. (See figure ?.16d.) 

The reticular formation is a large siructure consisting oT manv nuclei (over 
ninety in all). It is also characieri/efl hy a tlifTusc, interconnected netwtjrk of neurons 
with complex dendritic and axonal piocesses, (Indeed, nu-an.s *1iule net'"; 

early anatomists wxne struck In' the netlike a[>pearaiice o]' the reliculai^ ronnation.) 
The reticular rormaiitm occU[>ies the coi t* (jI’iIk* brain stem, from the lower border 
ol lhe medulla to the upper bordei’oT the midhrain. (See Figure 3J6d.) The reticu¬ 
lar forttiatioii receives sensory inldniiation by means of various j^atlnvavs and pro¬ 
jects axons to the cerehral cen tex, thalamus, and spinal cord. It plays a role in slee[> 
and aroiisah alleniion, muscle tonus, movement, and various vital reflexes. Its junc¬ 
tions will be tlescribetl more j\dlv in later chapters. 

The periaqueductal gray matter is so called because it consists mt>sily oj cell f>od- 
ies(d neurons {“gray maUer/'as contrasted with the Vliiie rnaUer" ofaxoii bundles) 
that surround the cerebral aqueduct as it travels iVom the third to the Iburtli ven¬ 
tricle. The periaqueductal gray matter contains neural circuits that contixjl se¬ 
quences of movements that constitute species-typical behaviors, such as fighting and 
mating. As we w ill see in (Chapter 7, o]:)iaies such as morpfiine de¬ 
crease an organism's sensithity to pain hv stimulating receptors 
on neurt>ns located in this region. 

Tlie red nucleus and substantia nigra (“black stibsiance'') are 
im]>onant ctnnponeiiLs of die motor system, A bundle oiAixons 
that arises ti cjiii die red nucleus eon.stitutes (>ne ol’the two major 
liber systems that bring motor iniormatlon from tlie cerebral cor¬ 
tex and cerebellum to the spinal cord. The siihstanita nigja con¬ 
tains neurons whose axons project to the caudate nucleus am I 
putaineu, parts of die basal ganglia. As we will see in T,ha[)ter 4, 
degeneration of these neurons causes Parkinson's tiisease. 


I superior colliculi fik yew lee) 
Protrusions on top of the midbrain; 
part of the visual system 

inferior colliculi Protrusions on top 
of the midbrain; part of the auditory 
system. 

brain stem The ''stem" of the 
brain, from the medulla to the dien- 
cephaton, excluding the cerebellum. 

tegmentum The ventral part of the 
midbrain; includes the periaqueductal 
gray matter, reticular formation, red 
nucleus, and substantia nigra. 

reticular formation A large net¬ 
work of neural tissue located in the 
central region of the brain stem, from 
the medulla to the diencephalon. 

periaqueductal gray matter The 

region of the midbrain surrounding 
the cerebral aqueduct; contains 
neural circuits involved tn species-typ- 
ical behaviors, 

red nucleus A large nucleus of the 
midbrain that receives inputs from 
the cerebellum and motor cortex and 
sends axons to motor neurons in the 
spinal cord, 

substantia nigra A darkly stained 
region of the tegmentum that con¬ 
tains neurons that communicate with 
the caudate nucleus arid putamen in 
the basal ganglia. 




The Hindbrain 

Tlie hincibrain, wliich suri oimrls ifie fourth vemriele, consist o( 
lw\) major divisions: the metencephalon aiid the myeleucephalou. 



Metencephalon 

I’he metencephalon consists of the pons and the cerebellum. 

Cerebellum. The cerebellum (“little brain"), w'tth its tw'o 
hemispheres, resemhies a miniature version of the cerebrum, h 
is covered by the cerebellar cortex and has a set oj deep cerebel¬ 
lar nuclei. These nuclei receive piojeciioiis IVom the cerebellar 
cortex and themselves send projections out ofihe cercbelkitu to 




^ ^ * 





The cerebellum plays an important role in 
coordinating skilled movements. 
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hindbrain The most caudal of 
the three major divisions of the 
brain, includes the meten- 
cephalon and mye I encephalon. 

cerebellum {SBir a be// um) A 

major part of the brain located 
dorsal to the pons, containing the 
two cerebellar hemispheres, cov¬ 
ered with the cerebellar cortex; an 
important component of the mo¬ 
tor system. 

cerebellar cortex The cortex 
that covers the surface of the 
cerebellum, 

deep cerebellar nuclei Nuclei 
located within the cerebellar 
hemispheres; receive projections 
from the cerebellar cortex and 
send projections out of the 
cerebellum to other parts of the 
brain. 


othcj' parts of the brain. Each licmisplierc ol ilie ccrtdxdluin i.s attached to the dot- 
sal sui face of the pons hv bundles of axons: the superior niiddlCt and inferior cere¬ 
bellar peduncles ("little feet”), (See Figure 3J6cd 

Dainaj^e to the cerebellum ini[>aiis .siandiiif^, walking, or peribnnance of coor¬ 
dinated iiHneinents. {A virtuoso pianisi or oilier perfbrminj^ musician owes much 
to his oi her ccrcbeiluim) I he cei ebelluni receives visual, audiiorv, veslibiilai; and 
somatosensorv infoi matioiu and it also receives information about individual muscle 
movenietus bein^ directed by the brain. The cerebellum integrates iliU in format ion 
and modifies ihe motor outflow, exerting a criordinatiug and suujolliing el feci on 
the movemeni.s. Clerebellar damage results in jerky, potirly coordinated, exaggerated 
movements; extensive cerebellar damage makes it impossible even to stand. 


Pons, rile pon.s, a large bulge in tfie brain stem, lies between llie mesen¬ 
cephalon ami medulla oblongata, immediately ventral lo the cerebellum. Pons 
means "bi idge.’' but it tloes not really look like one. (Refer to Figures 3.11 and 3.16ad 
riie ])ons contains, in its core, a poi tioii of ibe reticular formation, including some 
nuclei that appear to be impor lain in sleep and arousal. It also contains a large me 
dens that relavs inlormation from the cerebral cortex to the cerel>eilum. 


cerebellar peduncle (pee dun 
kuf) One of three bundles of ax¬ 
ons that attach each cerebellar 
hemisphere to the dorsal pons. 


Figure 3.17 


A ventral view of the human spinal column, with details 
showing the anatomy of the vertebrae. 


Myelencephalon 

file mvelenceplialon contains one major structure, the medulla oblongata (lit- 
erallv. "oblong marrow’'), nsuallv just called the weflitiin. This structure is ihe most 

caiulal ponif>n cjf ihe brain stem; its lower border is ilie rostral 
end of the spinal cord. (Refer to Figures 3.11 and 3.16a,) The 
medulla contains part of the reticular formation, including nu¬ 
clei dial count)I vital functions such as regulation of' die car¬ 
diovascular system. res|>iration, and skeletal muscle ion us* 
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The Spinal Cord 


11 ie Spinal cord is a long, conical siruciure, approximately as 
thick as an adult's little linger. The priiici[>al fimelion of the 
spinal cord is lo distiibnie motor fibers to die effector organs 
of tlie body (glands and muscles) and to collect somatosensorv 
Information to be passed on In tlie brain, fhe spinal cord also 
has a certain degree of autonomy from the l>rain; various re¬ 
flexive control circuits (some of wliich are descnbetl in (dia[>- 
terH) are located there. 

file Sf>inal cord is protecied by die veriebial ct>iumii, 
whicli is composed of iweniy-fonr individual vertebrae of the 
(mural (neck), ihomric (chesx), and (lower back) regions 

and the lusetl vertebrae making up the Ar^aw/and foaygml por¬ 
tions of the column (located in the ]5elvic region). The spinal 
cord [passes through a hole in each of the vertebrae (the spina! 
/oramrns). Figure 17 ihusirales the ilivisions and structures of 
the spinal cord aiifi vei tcbral column. (See Finite 3.17.) Note 
that the spinal cord is only about two-thirds as long as the ver¬ 
tebral column; the rest of the space is filled by a mass of spmaJ 
roots composing the cauda equina ("horse's tail"). (Refer to Fig¬ 
ure 3.3t\) 

Early in embryological development the vertebral column 
and spinal cord are the same lengili. As devek>[>ment pro¬ 
gresses. the vertebral column grows faster than the .spinal cord. 
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This flilfcrennal growth rate causes the spinal roots to be displaced downward: the 
most caudal roots travel tlie iariliest Ixddre they emerge ilirougli openings between 
the vertebrae and thus compose the cauda equina. To produce ibe caudal block that 
is sometimes used in pelvic surgery oi cliildbirth, a local anesthetic can be injecierl 
into the ("SF con tained within the sac of dura mater surroimdiug the cauda equina, 
rite drug blocks conrJucLion in tbe axotis of the cauda equiEia* 

Figure 3.18(a) shows a portioji ol’ the spinal cord, with the layers of tlie 
meninges tliai wrap it. Small butidles oi‘ Hbers emerge fVoin each side of the 
spinal cord in two straight lines along its dorsolaleial and venlrolaleral surfaces, 
(iroiips olThese bundles fuse together and become the ihiriy-one paired sets of 
dorsal roots and ventral roots. The dorsal and ventral roots join togetlier as they 
pass through the intervertebral foramens and become spinal nerves. (See Figure 

Figure 3d 8(b) shows a cross section ofdhe spinal cord. Tike the brain* tlie spinal 
cord consists of w'hile matter and gray rnauer. Unlike llie braiiTs, its while matter 
(consisting of ascending and de.scending bundles of myelinated axons) is on the 
outside; the gray matter (mostly neural cell bodies and sluu u nnmvelinatefi axons) 
is on the inside. Iri Figure 3d 8(b), ascending tracts are indicated in blue; desceiKb 
ing tracts are indicated in red. (See Figure 3J8b.) 


Figure 3.18 

The spinal cord, (a) A portion of the spinal cord, showing the layers of the meninges and the 
relation of the spinal cord to the vertebral column, (b) A cross section through the spinal cord. 
Ascending tracts are shown in blue; descending tracts are shown in red. 
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pons The region of the meten- 
cephalon rostral to the medulla, 
caudal to the midbrain, and ven¬ 
tral to the cerebellum. 

medulla oblongata (me cfoo la) 

The most caudal portion of the 
brain; located in the myelen- 
cephalon, immediately rostral to 
the spinal cord. 

spinal cord The cord of nervous 
tissue that extends caudaily from 
the medulla. 

spinal root A bundle of axons 
surrounded by connective tissue 
that occurs in pairs, which fuse 
and form a spinal nerve. 

cauda equina (ee kwye na) A 
bundle of spinal roots located 
caudal to the end of the spinal 
cord. 

caudal block The anesthesia and 
paralysis of the lovver part of the 
body produced by in|ect!on of a 
local anesthetic into the cere¬ 
brospinal fluid surrounding the 
cauda equina. 

dorsal root The spinal root that 
contains incoming {afferent) sen¬ 
sory fibers. 

ventral root The spina! root that 
contains outgoing (efferent) mo¬ 
tor fibers. 
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! spinal nerve A peripheral nerve 
1 attached to the spinal cord. 


INTERIM SUMMARY 


The Central Nervous System 

The brain consists of three major divisions, organized around the three chambers of the tube 
that develops early in embryonic life: the forebrain, the midbrain, and the hindbrain. The 
development of the neural tube into the mature centra! nervous system is illustrated in Fig¬ 
ure 3,6, and Table 3.2 outlines the major divisions and subdivisions of the brain. 

During the first phase of brain development, symmetrical division of the founder cells 
of the ventricular zone, which lines the neural tube, increases its size. During the second 
phase, asymmetrical division of these cells gives rise to neurons, which migrate up the fibers 
of radial glial cells to their final resting places. There, neurons develop dendrites and axons 
and establish synaptic connections with other neurons* Later, neurons that fail to develop a 
sufficient number of synaptic connections are killed through apoptosis. The large size of the 
human brain, relative to the brains of other primates, appears to be accomplished primarily 
by lengthening the first and second periods of brain development. 

The forebrain, which surrounds the lateral and third ventricles, consists of the telen¬ 
cephalon and diencephaion. The telencephalon contains the cerebral cortex, the limbic sys¬ 
tem, and the basal ganglia. The cerebral cortex is organized into the frontal, parietal, 
temporal, and occipital lobes* The central sulcus divides the frontal lobe, which deals specif¬ 
ically with movement and the planning of movement, from the other three lobes, which deal 
primarily with perceiving and learning. The limbic system, which includes the limbic cortex, 
the hippocampus, and the amygdala, is involved in emotion, motivation, and learning. The 
basal ganglia participate in the control of movement. The diencephalon consists of the thal¬ 
amus, which directs information to and from the cerebral cortex, and the hypothalamus, 
which controls the endocrine system and modulates species-typical behaviors. 

The midbrain, which surrounds the cerebral aqueduct, consists of the tectum and 
tegmentum* The tectum is involved in audition and the control of visual reflexes and reac¬ 
tions to moving stimuli. The tegmentum contains the reticular formation, which is important 
in sleep, arousal, and movement: the periaqueductal gray matter, which controls various 
species-typical behaviors; and the red nucleus and the substantia nigra, both of which are 
parts of the motor system. The hindbrain, which surrounds the fourth ventricle, contains the 
cerebellum, the pons, and the medulla* The cerebellum plays an important role in integrat¬ 
ing and coordinating movements* The pons contains some nuclei that are important in sleep 
and arousal* The medulla oblongata, too, is involved in sleep and arousal, but it also plays a 
role in control of movement and in control of vital functions such as heart rate, breathing, 
and blood pressure* 

The outer part of the spinal cord consists of white matter: axons conveying information 
up or down. The central gray matter contains cell bodies. 




The Peripheral Nervous System 


I'hv brain aiifl spinal cord foiinnunicaLo with ilic rest ol tlie body via llie cranial 
nerves and spinal nerves. These nerves are part of die peripheral nervoits system* 
whicli conve\'s sensta v inlhriiiaiion to die central nervous svsleiii anti convevs lues- 

* W « J 

sages from the central nervous system to die body's muscles and glands. 


Spinal Nerves 


Tile Spinal nerves begin ai die jimcnon of the dor.sal and veiiti al roots of tlie spinal 
eoitl. The nerves leave tlie vertebral column and travel to the muscles or sensorv re- 

4 

eeptors they innervate, branching repeatedly as they go* Branches ol spinal nerves 







The Peripheral fsJervous System 


S7 


Figure 3.19 

A cross seaion of the spinal cord, showing the route taken by afferent and efferent axons through 
the dorsal and ventral roots. 
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often follow blood vessels, especially those branches that innervate skeletal muscles, 
{Refer to Figure S.3.) 

Now let ns consider the pathways by which sensory informaiion enters tlie spinal 
cord and niolor information leaves it. The cell bodies of all axons that briii^ sensen v 
informaiion into the brain and spinal cord are located outside tlie CSS. (The sole 
excepiioii is the visual sy.sieni; ilie retina of tlie eve is actual I v a part of the brain.) 
These incoming axons are referred lo as afferent axons because thev "bear toward” 
the (The cell bodies lliai give rise kj the axons that bring somatosensory infor¬ 
mation U) the spinal cord reside in the dorsal root ganglia,, rounded sw'ellings of ilie 
riorsal root, (See Figure 3.19.) These neurons arc of the unipolar type (described in 
Chapter 2), Tiie axonal stalk divides close to the ceil bod%; sending one limb into the 
spinal cord anti the oilier limb out to the .sensory organ. Note that all of the axons 
in tile dorsal root convev somaiosensorv information. 

C^ell bttdies tliat give rise to the ventral root are located within the gray matter 
of the spinal cord. The axons o(‘these nnihipolar neurons leave the spinal cord via 
a ventral root, which joiii.s a dorsal tool to make a spinal nerve. The axcnis that leave 
the spinal cord through die ventral roots control muscles and glands. The) are re- 
(erreti to as efferent axons because tliey "bear aivay from" the CNS, (See Figure 3.19.) 

Cranial Nerves 

Tweite parrs of cranial nerves are attaclied to the venti al surface of the br ain. Most 
of these nerves serve sensory and motor fimctiori.s of the head and neck region. One 
olThcm, the ienth, nr vagus nerve^ regulates the f unctions of organs in ihe thoracic 


afferent axon An axon directed 
toward the central nervous 
system, conveyrng sensory 
information. 

dorsal root ganglion A nodule 
on a dorsal root that contains cell 
bodies of afferent spinal nerve 
neurons. 

efferent axon (efferent) An 
axon directed away from the cen¬ 
tral nervous system, conveying 
motor commands to muscles and 
glands. 

cranial nerve A peripheral nerve 
attached directly to the brain. 

vagus nerve The largest of the 
cranial nerves, conveying efferent 
fibers of the parasympathetic divi¬ 
sion of the autonomic nervous 
system to organs of the Thoracic 
and abdominal cavities. 
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Figure 3.20 


The twelve pairs of cranial nerves and the regions and functions they serve. Red lines denote axons 
that control rnusctes or glands; blue lines denote sensory axons. 
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olfactory bulb The protrusion at 
the end of the olfactory nerve; 
receives input from the olfactory 
receptors. 


and abdominal cavities. It is called the (*Vandcnii^'') nerve because its 

branches wander thruiij.^huul the Uioracic and abdominal cavities, (d’he wortl 
vafrabfittd has the same rcxu.) Figure S.iiO [>reseius a vtewof tlie base of tfie )>rain ami 
illustrates the cranial [lerves and the structures they serve. Note that effereiu (mo¬ 
tor) Hbers are drawn in red and that afrereiit (sensory) fibers are drawn in blue. (See 
Figure 3.20.) 

As I meuiioiied in the previous sectiuu. cell bodies of sensorv nerve fibers tliai 
tMiter llif brain aiul spinal cord {except ibi lite visual system) are located outside ilie 
central nervous system. Soniatoseiisorv inlbrmalion (and the sense of taste) is re- 
reived, via the cranial nerves, Iroin unipolar neurons. Auditory, veslibulat; and visual 
infbrmatimi is received via fibers of’Ijipolar neurons (describetl in (Jiapter 2). Ob 
factory information is recei\ed via the olfactory bulbs, which receive information 
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Imm ihc <jiracu>ry rcccpU)rs in iho nose. The olfactory l)ulhsare complex strucliires 
cuniaiiiing a considerable aniouni of neural cirrnitrv; actually, they are part ol’ilie 
brain. Sensory ineelianisins are descrified in more detail in Chapters b anxi 1. 

The Autonomic Nervous System 

The part of the peripheral nervous system that I have discussed so iar—whicii re¬ 
ceives stMisory informalion frt>m liie sensory organs and that coiifrols movements o(‘ 
the skeletal muscles^—is calletl the samatic nervous system. The other branch ofthe 
peripheral nervous system—the autonomic nervous system (ANS)—is concerned 
with regulation of smotuh musele. cardiac muscle, and glands, {Auiouftmir means 
“seir-governing.'') Smooth muscle is found in the.skin (associated witfi fiair rollicles), 
in blood vessels^ in the eyes (txmirolling ptipil si/e and accommodation ofthe lens), 
and i[i the walls and sphincters of the gut, gallbladder, anti urinary Idadtlen Merely 
describing the oi gans tliat are innervated by the autonomic nervoits system suggests 
tlie function of this system: regulation oi' 'Vegetative processes'" in the body, 

Tlie ANS consists of two anatomically separate systems: the sympathHir clivisioti and 
the /mmsympathflirdivistoti. With few exceptions organs ofThe body are imiervaied by 
both oi‘these sulidivisions, and each has a dif ferent effeci. Fxir example, the svmpa- 
thetic division speeds ifie heart rate, whereas the parasympathetic division slovvs it. 

Sympathetic Division of the ANS 

The sympathetic division is most invfjived in activities associated with expendU 
tine of cnerg\ IVom reserves that are stored in the body. For example, when an or¬ 
ganism is excited, the sympathetic nervous system increases bk>od How to skeletal 
muscles, stimulates the secretion of epinephrine {resulting in increased heart rate 
and a rise in blood sugar level), and causes piloerection (erection of fur in mammals 
that have it and yjrociuctiou of “goose bumps” in humans), 

Tlie ceil botlies of sympathetic motor neurons are located in the gray matter of 
the ihoracit and lumbar regions of the spinal cord (hence the sympathetic nervous 
system is also known as the The ftbers of these neurons exit via 

the ventral roots. After joining the spinal nerves, the fibers branch off and pass inu) 
sympathetic ganglia (noi to be conftised with the dorsal ra<u ganglia). Figure 3.21 
shows the relation of these ganglia to the spinal cord. Note that individual sympa¬ 
thetic ganglia are connected to the neighboring ganglia above and below, thus form¬ 
ing the sympathetic ganglion chain. (See Figure X2L) 

The axons that leave the spinal cord through the ventral root belong to the pre¬ 
ganglionic neurons. With one exception, all sympathetic preganglionic tixons enter 
the ganglia of the sympathetic chain, but not all of them form synapses there. (The 
exception is the medulla of the adrenal gland, described in C^hapter 10.) Some axons 
leave anti travel to one of the other sympathetic ganglia, located among the internal 
organs. All sympathetic preganglionic axons form synapses with neurons located in 
one of the ganglia. T he neurons with which they form synapses are called postgan^ 
glionic neurons. In turn, the postganglionic neurons send axons to the target organs, 
such as the intestines, stomach, kidneys, or sweat glands. (See Figure 3.2L) 


Parasympathetic Division of the ANS 

The parasympathetic division of tlie autonomic nervous system supports activi¬ 
ties that are involved with increases in the body's supply of stored energy; These ac¬ 
tivities include salivation, gastric and intestinal motility, secretion of digestive Juices, 
and increased blood flow to the gastrointestinal system. 

Oil bodies that give rise to preganglionic axons in the parasympathetic nervous 
system are located in two regions: the nuclei of some of the cranial nerves (especially 
the vagus nerve) and the intermediate horn of the gray matter in the sacral region 


somatic nervous system The 

pan of the peripheral nervous sys- 
tern that controls the movement 
of skeletal muscles or transmits 
somatosensory information to the 
central nervous system, 

autonomic nervous system 
(AIMS) The portion of the periph¬ 
eral nervous system that controls 
the body's vegetative functions, 

sympathetic division The por^ 
tion of the autonomic nervous 
system that controls functions 
that accompany arousal and ex¬ 
penditure of energy, 

sympathetic ganglia Nodules 
that contain synapses between 
preganglionic and postganglionic 
neurons of the sympathetic ner¬ 
vous system. 

sympathetic ganglion chain 

One of a pair of groups of sympa¬ 
thetic ganglia that lie ventrolateral 
to the vertebral column. 

preganglionic neuron The ef¬ 
ferent neuron of the autonomic 
nervous system whose cell body is 
located in a cranial nerve nucleus 
or in the intermediate horn of the 
spinal gray matter and whose ter¬ 
minal buttons synapse upon post¬ 
ganglionic neurons in the 
autonomic ganglia. 

postganglionic neuron Neurons 
of the autonomic nervous system 
that form synapses directly with 
their target organ, 

parasympathetic division The 

portion of the autonomic nervous 
system that controls functions 
that occur during a relaxed state. 
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Figure 3.21 

The autonomic nervous system and the target organs and functions served by the 
sympathetic and parasympathetic branches. 
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Table 3.3 

^ The Major Divisions of the Peripheral Nervous System ^ 

Somatic Nervous System 

Autonomic Nervous System (ANS) 

SPINAL NERVES 

AfTcrcnis from sense organs 

Efferents lo muscles 

SYMPATHETIC BRANCH 

Spinal nerves (from ihoracic and lumbar regions) 
Sympatlietic ganglia 

CRANIAL NERVES 

Afferent^ from sense organs 

Eiferents lo muscles 

PARASYMPATHETIC BRANCH 

Cranial nerves (3rd, 7tli, 9th, and 10th) 

Spinal nerves (from sacral region) 

Parasympathetic ganglia (adjacent to target orgati.s) 


of ilie spinal cord* I hus, ilio parasyinpathciic division ol tlic* A\S has (jJten been re¬ 
ferred to as the rmnimanfil syslnn. Parasympathetic ganglia are located in tlte im¬ 
mediate vicinity of the target organs; the postganglionic hheis are tliciefore 
relatively short. The terminal hntlon.s of both preganglionic an<l postganglionic neu¬ 
rons in the parasympathetic nervous svstem secietc acetvlclioline. 

Table 3.3 siinnnariy.es the major divisions of llie peripheral nervous svstem. 


INTERIM SUMMARY 


The Peripheral Nervous System 

The spinal nerves and the cranial nerves convey sensory axons into the central nervous sys¬ 
tem and motor axons out from it. Spinal nerves are formed by the junctions of the dorsal 
roots, which contain incoming (afferent) axons, and the ventral roots, which contain out¬ 
going (efferent) axons. The autonomic nervous system consists of two divisions: the sympa¬ 
thetic division, which controls activities that occur during excitement or exertion, such as 
increased heart rate; and the parasympathetic division, which controls activities that occur 
during relaxation, such as decreased heart rate and increased activity of the digestive system. 
The pathways of the autonomic nervous system contain preganglionic axons, from the brain 
or spinal cord to the sympathetic or parasympathetic ganglia, and postganglionic axons, 
from the ganglia to the target organ. 


EPILOGUE 


Unilateral Neglect 


When we see people like Miss S., the 
woman with unilateral neglect, we real¬ 
ize that perception and attention are 
somewhat independent. The perceptual 
mechanisms of our brain provide the in¬ 
formation, and the mechanisms involved 
in attention determine whether we be¬ 
come conscious of this information. 


Unilateral neglect occurs when the 
right parietal lobe is damaged. The 
parietal lobe contains the primary so¬ 
matosensory cortex. It receives informa¬ 
tion from the skin, the muscles, the 
joints, the internal organs, and the part 
of the inner ear that is concerned with 
balance. Thus, it is concerned with the 


body and its position. But that is not 
all; the association cortex of the pari¬ 
etal lobe also receives auditory and vi¬ 
sual information from the association 
cortex of the occipital and temporal 
lobes. Its most important function 
seems to be to put together informa¬ 
tion about the movements and location 







92 


^ CHAPTER 3: Structure of the Nervoi 

of the parts of the body with the loca* 
tions of objects in space around us. The 
right and left parietal lobes each han¬ 
dle somewhat different tasks; the left 
concerns itself with the position of the 
parts of the body, and the right con¬ 
cerns itself with the three-dimensional 
space around the body and the con¬ 
tents of that space. (The left parietal 
lobe h also involved in language abili¬ 
ties, but they will be discussed later, in 
Chapter 13,) 

If unilaterai neglect simply consisted 
of blindness in the left side of the visual 
field and anesthesia of the left side of 
the body, it would not be nearly as in¬ 
teresting, Individuals with pure unilat¬ 
eral neglect are neither half blind nor 
half numb. Under the proper circum¬ 
stances they can see things located to 
their left, and they can tell when some¬ 
one touches the left side of their bodies. 
But normally, they ignore such stimuli 
and act as if the left side of the world 
and of their bodies did not exist. 

Volpe, LeDoux, and Gazzaniga (1979) 
presented pairs of visual stimuli to peo¬ 
ple with unilateral neglect—one stimu¬ 
lus in the left visual field and one stimu¬ 
lus In the right. Invariably, the people 
reported seeing only the right-hand 
stimulus. But when the investigators 
asked the people to say whether or not 
the two stimuli were identical, they an¬ 
swered correctly—even though they said 


System 

that they were unaware of the left hand 
stimulus. 

If you think about the story that the 
chief of neurology told about the man 
who ate only the right half of a pan¬ 
cake, you will realize that people with 
unilateral neglect must be able to per¬ 
ceive more than the right visual field. 
Remember that people with unilateral 
rreglect fail to notice not only things to 
their left but also the left halves of 
things. But to distinguish between the 
left and right halves of an object, you 
first have to perceive the entire object- 
otherwise, how would you know where 
the middle was? 

People with unilateral neglect also 
demonstrate their unawareness of the 
left half of things when they draw pic¬ 
tures. For example, when asked to draw 
a dock, they almost always successfully 
draw a circle; but then when they fill in 
the numbers, they scrunch them all in 
on the right side. Sometimes they simply 
stop after reaching 6 or 7, and some¬ 
times they write the rest of the numbers 
underneath the circle. When asked to 
draw a daisy, they begin with a stem 
and a leaf or two and then draw all the 
petals to the right. When asked to draw 
a bicycle, they draw wheels and then 
put in spokes, but only on the right 
halves of the wheels. 

Bisiach and Luzzatti (1978) demon¬ 
strated a similar phenomenon, which 
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suggests that unilateral neglect extends 
even to a person's own visual imagery. 
The investigators asked two patients 
with unilateral neglect to describe the 
Piazza del Duomo, a well-known land¬ 
mark in Milan, the city in which they 
and the patients lived. They asked the 
patients to imagine that they were 
standing at the north end of the piazza 
and to tell them what they saw. The pa¬ 
tients duly named the buiidings, but 
only those on the west, to their right. 
Then the investigators asked the pa¬ 
tients to imagine themselves at the 
south end of the piazza. This time, they 
named the buildings on the east—again, 
to their right. Obviously, they knew 
about all of the buildings and their loca¬ 
tions, but they visualized them only 
when the buildings were located In the 
right side of their (imaginary) visual 
field. 

You might wonder whether damage 
to the left parietal lobe causes unilateral 
right neglect. The answer is yes, but it is 
very slight, it is difficult to detect, and it 
seems to be temporary. For ail practical 
purposes, then, there is no right neglect. 
But why not? The answer is still a mys¬ 
tery, To be sure, people have suggested 
some possible explanations, but they are 
still quite speculative. Mot until we 
know a lot more about the brain mecha¬ 
nisms of attention we will be able to un¬ 
derstand this discrepancy. 


r KEY CONCEPTS 


BASIC FEATURES OF THE NERVOUS SYSTEM 

1. The ctniti al nc'i vtnis system consists of the brain and 
sj^inal CHM'd; il is covered wiih ilie ineninj^es and lloals 
in cerebrospinal hnicl. 


THE CENTRAL NERVOUS SYSTEM 

2. Tile nervous system tlevelops Hi si as a luhe^ whicli 
thickens and fbi ins pockets and folds as eells are prr>- 
dneed. Tire lube l)econies tire venlricnlar sysieni, 

3. The priinary cause of the din'er ence between the 
Innnan brain and tlial of other [Jiiinaies is a slightly 
exlended j^eriod of symmeiriral and asymmetrical 
division of founder cells located in tire venlricnlar 
/one. 


■1 The forehraim sun ouiiding the lateral and third ven¬ 
tricles, consists oJThe leleiiceplialcm (cei ebi al cortex, 
limbic system, and basal ganglia) and dienceplialon 
(thalamus and liypothalanius). 

5, The mid brain, whiclr surrounds the cerebral acpie- 
ducu consists of ilic tectum and tegmentum, 

<>. The hindbiain, which snrroinids the (btrnh ventricle, 
carirlains the cerebellum, the pons, and the medulla, 

THE PERIPHERAL NERVOUS SYSTEM 

7, The spinal and cranial nerves connect the central 
nervous system with tlie test ol’ the biKlv. The anio- 
nomic nervous system consists oi two divisions, svm- 

/ j- 

pathetic and parasympathetic. 
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r SUGGESTED WEB SITES ^ 


Neuroscience [mages 

htt p ://sy ne rg y. meg, e d u/pt/PT 413/i m a ge s/i m a ge. htm I 

dolor images ()f tile external surface of the btirnan brain are 
pj’ovided hv ibis site. 

The Global Spinal Cord 

htt p ://w ww.a n a to my. w isc. ed u/sc97/t€ xt/SGco nte nts. htm 

The ascending and descending fibers of the spinal ccjitl are 
rfie IVjcns of this Web site. 

Harvard Brain Atlas 

http://www.medharvard.edLf/AANLI8/home,htm] 

rhis link pnnides access to the Whole Brain Atlas page 
(hat jir<Aides images of normal as well as flamaged liumau 
h rains. 


Insights from a Broken Brain 

http://sdence-education, nih .gov/nihHTML/ose/snapshots/ 
mu ftimedta/rStn/Gage/Broken_bra in 1 ,htm I 


Phineas Gage is the subject of tfiis Web site. Fhe site brieflv 
describes the aceideiii tliai resulted in damage tti his ironial 
lobes and tfie jK'i sonalitv changes dial follow<‘d tin* accident. 
The site contains several graphics and a descri[>iit>u of hvo re¬ 
cent imaging lecfniicjiies (I*KT and MRl). 


Medical Neuroscience 
http://wwwandiana.edu/-'m555/ 

rihs Web site ]jrovUles a large rutuibei ol secii<ins (d human 
brain. Each section ran 1 k‘ viewed in either a laln'led or un¬ 
labeled mofle. A uni(|ne feature (if the site relates to a sei u's 
of clinical cases i elating brain rlainage to fnnctioiu 








CHAPTER OUTLINE 1 



■ Principles of 

Psy ch o ph a rma CO logy 

Pharmacokinetics 

Drug Effectiveness 

Effects of Repeated 
Administration 

Placebo Effects 

INTERIM SUMMARY 

■ Sites of Drug Action 

Effeas on Production of 
Neurotransmitters 

Effeas on Storage and 
Release of Neurotransmitters 

Effeas on Receptors 

Effects on Reuptake or 
Destruction of 
Neurotransmitters 

INTERIM SUMMARY 

■ Neurotransmitters and 
N e u romod u I ators 

Acetylcholine 

The Monoamines 

Amino Acids 

Peptides 


Nucleosides 
Soluble Gases 

INTERIM SUMMARY 


1. Describe the routes of administration of drugs and their subsequent distributton 
within the body. 


2. Describe drug effertiveness, the efferts of repeated administration of drugs, and 
the placebo effect* 


3- Describe the effects of drugs on synaptic activity* 

; 4. Review the general role of neurotransmitters and neuromoduiators, and describe 
the acetyIchofinergrc pathways in the brain and the drugs that affea these 
neurons. 


5< Describe the monoaminergic pathways in the brain and the drugs that affect these 
neurons. 


6- Review the role of neurons that release amino acid neurotransmitters and describe 
drugs that affect these neurons. 

7, Describe the effeas of peptides, lipids, nucleosides, and soluble gases released by 
neurons. 








PROLOGUE 


A Contaminated Drug 


In July 1982 some people in northern 
California began showing up at neurol¬ 
ogy clinics displaying dramatic severe 
symptoms (Langston, Ballard, Tetrud, 
and Irwin, 1983)* The most severely af¬ 
fected patients were almost totally par¬ 
alyzed* They were unable to speak 
intelligibly, they drooled constantly, and 
their eyes were open with a fixed stare. 
Others, less severely affected, walked 
with a slow, shuffling gait and moved 
slowly and with great difficulty. The 
symptoms looked like those of Parkin¬ 
son's disease, but that disorder has a 
very gradual onset. In addition, it rarely 
strikes people before late middle age, 
and the patients were aIMn their twen¬ 
ties or early thirties. 

The common factor linking these pa¬ 
tients was intravenous drug use; all of 
them had been taking a "new heroin/' 


a synthetic opiate related to meperidine 
(Demerol)* Because the symptoms 
looked like those of Parkinson's disease, 
the patients were given l-DOPA, the 
drug used to treat this disease, and they 
all showed significant improvement in 
their symptoms. But even with this 
treatment the symptoms were debilitat¬ 
ing. In normal cases of Parkinson's dis¬ 
ease, L-DOPA therapy works for a time, 
but as the degeneration of dopamine- 
secreting neurons continues, the drug 
loses its effectiveness. This pattern of re¬ 
sponse also appears to have occurred in 
the young patients (Langston and Bal¬ 
lard, 1984). 

Some detective work revealed that 
the chemical that caused the neurologi¬ 
cal symptoms was not the synthetic opi¬ 
ate itself but another chemical with 
which it was contaminated* According 


to researcher William Langston, the 
mini-epidemic appears to have started 
"when a young man in Silicon Valley 
was sloppy in his synthesis of synthetic 
heroin. That sloppiness led to the pres¬ 
ence of MPTP, which by an extraordinary 
trick of fate is highly toxic to the very 
same neurons that are lost in Parkin¬ 
son's disease" (Lewin, 1989, p*467). Be¬ 
cause of the research that followed up 
on that "trick of fate," patients with 
Parkinson's disease are now receiving 
a drug that appears to slow the rate 
of degeneration of their dopamine- 
secreting neurons* There is hope that 
new drugs may even halt the degenera¬ 
tion, giving patients many more years 
of useful, productive lives and prevent¬ 
ing others from ever developing the 
disease* 


C hapter 2 introduced y(>u to the cells of the nervous sysiein, and C'Jiapter de- 
scribed its basic sti uciure. Now ii is lime to build on this infoniiatioii by imro- 
ducing ihe field of psychopharniacolog)-. Psychopharmacology is the study of 
the effects of drugs on tlie ncrvou.s system and (of course) on behavior. {Pharmakon 
is the Cireek word for ‘'ding.") 

As we will see in this chapter, drugs have r//rf7.s and .v/>.v ofaf ikm. Drug effects are 
ilie changes we can observe in an aniniabs's physiological processes and behavior. 
For example, the effects of niorplune, heroin^ and other opiates include decreased 
sensitiviO’ to pain, slowing of the digestive system, sedation, nuiscular relaxation, 
constriction of the pupils* and euphoria. The sites of action of drugs are the points 
at which molecules of drugs interact with molecules located on or in cells of the 
body, thus af fecting some biochemical proces.ses oi these cells. For example, the sites 
of action of the opiates arc specialized receptors situated in ifie membrane of cer¬ 
tain neurons. Wlien molecules of opiates attach to and activate these receptors* the 
drugs alter the activity of the.se neurons and produce their effects* This cliapler con¬ 
siders both the effects of drugs and their sites of action, 

Ps^ciiopliarmacolog)' is an important field of neiiro*science. It has been respon¬ 
sible for the developnietu of psychotherapeutic drugs* wltich arc used to treat psv- 
chological and hehavtoral disorders. It has also providetl tools that have enabled 
other investigators to study the functions of cells ol the nervous svsteni and the be¬ 
haviors controlled by pariicular neural circuits. 


psychopharmacology The study 
of the effects of drugs on the ner¬ 
vous system and on behavior. 

drug effect The changes a drug 
produces in an animal's physiolog¬ 
ical processes and behavior 

sites of action The locations at 
which molecules of drugs interact 
with molecules located on or in 
cells of the body thus affecting 
some biochemical processes of 
these ceils. 


i 
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This cliapicT begins with a descripLinii of the basic principles of psvcbopharmacologv': 
the routes of administration of drugs and their fate iti the body. The second seciion dis¬ 
cusses the sites of drug actions. The rinal seciion discusses specific neurt>transmiuers 
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aiul neuiomodiiiaiors aiul thf pliysicjlofrictil and behavioral elTecis ejl‘ speriilc drugs 
ihai interact with tlieiiT 


Pharmacokinetics 

To be elTective, a flnig must reacli its sites of actiom To tio so, molecules ol ilie drug 
must enter the i)ody and then enter tlie l^loodsti eam so tliat tlievcan ht* carried to 
tile organ (or organs) tlteyacl oin Onee iliere, tliey must leave the bloodstream and 

come inl4> eoniaet with the moleeules with which they itueract. For almost all oi the 

1* 

drugs we are interested in, this means that the molecules of the drug must enter the 
ceutial nervous system* Some beha^ icnally active drugs exert their eliecis on the pe¬ 
ripheral nervous system, liui these drugs are less important to us than those that af¬ 
fect eells of the CNS. 

Molectiles of drugs must crt jss several barriers to enter lire bt)dy aiid fincl their 
way to their sites of action* Some moleeules pass through these Ixirriers easily and 
quickly; others do so very slowly. And once molecules f>f drugs enter the body, tiiey 
begin to be metabolized—broken tltmn by cnzvmcs— m' excreted in the urine (or 
both)* In time, the moleeules eitliei disappear or are transformed into inactive 
Iragmenis, The process by which ch ugs are absorbed, distributed within the body, 
melal>olized, and excreted is referred to as pharmacokinetics (“movements of 
drugs”). 


pharmacokinetics The process 
by whrch drugs are absorbed, dis¬ 
tributed within the body, metabo¬ 
lized, and excreted. 

intravenous fIV) injection Injec¬ 
tion of a substance directly into a 
vein. 

intraperitoneal (IP} injection {in 

fra parr / foe nee ui) injection of a 
substance into the peritoneal cav¬ 
ity—the space that surrounds the 
stomach, intestines, iiver. and 
other abdominal organs. 

intramuscular (IM) injection 

injection of a substance Into a 
muscle 

subcutaneous (SC) injection in¬ 
jection of a substance into the 
space beneath the skin, 

oral administration Administra¬ 
tion of a substance into the 
mouth, so that it is swallowed. 


Routes of Administration 

First, let's consider the routes hy which drugs can be administered. For labora¬ 
tory animals the most common rcuue is injection* The drug is dissolved in a litjuid 
(nr, in sr>me ca.ses, suspended in a liqtiid in the form ol’ftne jjarticles) and injected 
through a hypodermic needle* The fastest route is intravenous (FV) injection—iii- 
jeciioii inl(j a vein. The drug iminedialely enters the bloodstream, ancl it reaches the 
brain within a few' seconds. The rli sad vantages of IV injections are the increased care 
and skill they require in comparison to most other forms of injection and the fact 
that the eiuire do.se reaches the blotKlstream at once* If an animal is especially sen¬ 
sitive to ilie drug, there may be little lime Uj adiniiiister another drug to counteract 
its effects. 

An intraperitonea] (IP) injection is ia[>id, but not as rapid as an IV injection. The 
drug is injected through the abdominal wall into the pmkmml mvify —the space that 
surrounds the stomach, intestines, liver, and other abdominal organs. IP injections 
are the most common route for adininistering drugs to small laboratory animals. An 
intraniuscuJar (IM) injection is made direc tly into a large muscle, such as those found 
in the upper arm, thigli, or buttocks. The drug is absciibecl into tlie bloodstream 
through the capillaries that supply the muscle. If very slow absorption is desirable, 
the drug can be mixed with another drug (such as ephedrine) that constricts blood 
vessels ajul retards the flow of blood ihrougli the muscle, 

A drug can also be injected into the space beneath the skin, by means of a sub¬ 
cutaneous (SC) injection. A subcutaneotis injection is useful only if small amounts 
of drug need to be administered, because large amouiiis would be painful. Some fat- 
soluble drugs can be dissolved in vegetable oil and administered subcutaneously. \n 
this case, molecules ol tlie drug will slowly leave the deposit of oil over a period of 
several tlays. If T^cryslovv and prolonged absoryjiion of a drug is desired, the drug can 
be formed into a dry pellet or placed in a sealed silicone rubber capsule and im¬ 
planted beneath the skin. 

Oral administration is the most cemunon loim of administering medicinal drugs 
to humans* Because olThe difficulty of getting laboratory animals to eat s<>met]ilng 
that does not taste good to them, researchers seldom use this route. Some chemicals 
cannot be administered orallv because ihev will l>e destroyed bv stomach acid or dl- 
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l^cstivc fu/ynic.s of btraiise they arc not aiisorbcci fVoni tlic clif;cslivc syslcin into tlic 
blooflstreain. Fc^r example, insulin, a pejjtide hormone, must be injected. Sublin^ial 
admiEiLStration of rerlaiii drills can be aeeomplishetl liy plac ing; Lhem beneath the 
tongue. Fhe drug is af>soi bed into ilie bloodstream by tlu* c:a]>illanes that supply the 
mucous membrane that lines die mouth. (Obviously, this method works rmly with hit- 
mans, who can cooperate and leave the capsule beneath thetr tongtte*) Niti‘<jglycer- 
ine, a drug that causes blood vessels to flilate, is taken sublingually by petjple who 
sufFer die pains ol angina pecioris, causcfl by obsiructions in the coronary arteries* 

Drugs can also be administered at the up|)osite end of the iligestive iraet, in the 
[ortu of suppositories* Intrarectal administration is rarely used to give drugs to ex¬ 
perimental animals. Foi‘ obvious reasons tfiis process would bt' dif ficult with a small 
animal. In addition, when agitated, small animals such as rats tend to delecate, which 
wtmid mean that the dr tig would noi remain in place long enough to he absorbed. 
And rm not sure 1 would want to try to admini.sier a rectal su[)[iository to a large an¬ 
imal* Rectal suppositories are most commonly used to adiiiiUlster drugs that might 
upset a person's stomach. 

The lungs provide another route for drug administraiitm: inhalation* Nicotine, 
freebase cocaine, and marijuana are usually smoked* In addition, dntgs used to treat 
Itntg disorxlers are often inhaled in llie form of a vaptjr or flue mist. The route from 
the lungs to the brain is very siiort, and drugs administered diis way have very rapid 
effects. 

Some drugs can be absorbed dinx’tiy ihiough the skin, so ihev can be given bv 
means of topical administration* Natural or ariilicial steroid hormones cait be ad¬ 
ministered this way, as can nicotine (as a treaunent io make it easier for a person U) 
stop smf>king). The mucous membrane lining tlie nasal passages also provides a 
route for topical administration, (aimmonly abused drugs such as cocaine hy¬ 
drochloride are oben snifTed so that thev come into contact with the nasal mucosa* 

f 

This route delivers the drug to the brain very rapidly* (The technical, rarelv used 
name for this route is msufflaiion. And note that snifFing is not the same as inhala¬ 
tion; when povvdered cocaine is suif fetl, it ends up in the mnct>ns membrane of the 
nasal passages, not in the lungs.) 

Finally, drugs can be administered directly into the brain, .^s we saw' in Cdiapter 
2, t he blood-brain barrier ]:)revfnts certain chemicals from lea\ing capillaries and en¬ 
tering tile brain. Some drugs cannot cross the blood-brain barrier* If these drugs are 
to reach the brain, tliey must be injected directly into the 
brain or into the cerebrospinal fluid in the brain's ven¬ 
tricular system. To sttidy the effects of a drug in a specific 
region of the brain {for example, in a particular nucleus 
of the hvpothalamns), a researcher will in ject a very small 
amount of the drug directly into the brain. This proce¬ 
dure, known as intracerebral administration, is described 
in more detail in Chapter 5* To achieve a widespread dis¬ 
tribution of a drug in the brain, a researcher will get past 
the blood—brain barrier by injecting the drug into a cere¬ 
bral ventricle. The drug is then absorbed into the brain 
tissue, where it can exert its effects* This route, mtracere- 
broventricular (ICV) administration, is used very rarely in 
humans—primarily to deliver antihifuics directly to the 
brain to treat certain npes of infections. 

Figure 4*1 shows the time course of blood levels of a 
commonly abused diaig, cocaine, after intravenous injec¬ 
tion, inhalation, sniffing, and oral administration* The 
amc:>unts received were not identical, but the graph illus¬ 
trates the relative rapidity with w'hich the drug reaches ilie 
blood* (See Figure 4JJ) 


sublingual administration {sub 
ting wlt/) Administration of a 
substance by placing it beneath 
the tongue. 

intrarectal administration Ad¬ 
ministration of a substance into 
the rectum. 

inhalation Administration of a 
vaporous substance into the 
lungs* 

topical a dm ini strati on Adminis¬ 
tration of a substance directly 
onto the skin or mucous 
membrane, 

intracerebral administration 

Administration of a substance di¬ 
rectly into the brain. 

intrace re broventricu I ar (JCV) 
administration Administration 
of a substance into one of the 
cerebrai ventricles. 


Figure 4,1 


The concentration of cocaine in blood plasma after intravenous 
injection, inhalation* sniffing* and oral administration. 
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Distribution of Drugs Within the Body 

As vvc Siivv, <i[ vxvvx their dTecls t>nly when they reach their sites oi artitjii. In 
the case nf flings iliat affect behavior, most ni iliese sites are located on or in par¬ 
ticular cells in the central net vous sysienn fhe previous sectittn described tlie rf)tiies 
by which di tigs can lx* iinrf>diiced into the hotly. With ilie exception of ijitracei ebral 
or inlracerehroveiuricnlar adniitiistiution the tlifferences in llie routes of drug acl- 
minisirahon vary only in lire rale at whicli a drug reaches tlte blood [>iasina (that is, 
the liquid part t>f the blood). But what hap|K"ns next? All the sites of action of drugs 
that are of interest to psyclKjphannacologisis lie fnitside the blood vessels. 

Several factors deter mine the rate at whiclt a drug in the bloodstream reaches 
sites of aciiun vvitlnn the brain. The Hrsi is lipid solubility, Tlie hlood^hrain harrier 
is a harrier only fur water-soluble im>lecules. Molecules dial are soluble in lipids pass 
through tlie cells that line the capillaries in the central nervous system, and lliev 
rapidly distribute tfieiiiselves ilnoughoui die brain. For example, diaceiyhnorphine 
(more commonly known as lieroin) is more lipid sohihle than morphine is. Thus, 
an intravenous injection of heroin produces more rapid eflects than does one of 
morphine. Even thfiiigli the molecules of die two drugs are eqiiallv effective when 
lliev reach their sites of action in the brain, tlie fact tliat heroin molecules get there 
faster means that tliey produce a more intense "‘rush'' and thus explains why di ng 
addicts prefer heroin to moi pliine. 


Inactivation and Excretion 

Drugs do not remain in tlie bodv indefiniielv. Manv are deacuvated hv en/,vmes, 
and all are eventually excreted, primaialy by the kidneys. The liver phivs an espe¬ 
cially active role in en/ymaiic deactivation of drugs, hut some deactivating en/yines 
arc also Ibnnd in the blood. The brain also contains cii/vmes that destroy some 
drugs. In stime cases en/ymes translbrm molecules of a drug into other forms that 
diemselves are biologically active. Occasionally, die transformed molecules is 
motriiciWc than the one iliai is administered. In such cases the effects of a drug can 
have a very long duration. 


Figure 4.2 

A dose-response curve. Increasingly stronger doses of 
the drug produce increasingly larger effects until the 
maximum effect is reached. After that point, 
increments in the dose do not produce any increments 
in the drug's effect. However, the risk of adverse side 
effects increases. 



Drug Effectiveness 

Drugs vary widely in their efFec liven ess. A small dose of a relativelv 
effective drug can equal or exceed the effects of larger amounts of 
a relatively inelFective drug. Tlie best way to measui e the effective¬ 
ness of a drug is to plot a dose-response curve. To do this, subjects 
are given various doses of a drug, usually defined as milligrams of 
drug pei‘ kilogram of a subject’s bodv weight, and the effects of the 
drug are plotted. Because the molecules of most drugs distribute 
themselves throughout the blood and then ihroiighoul the rest td 
the body, a lieavier subject (human or laboratory animal) will re¬ 
quire a larger quantin’ of a <irug achieve the same concentraiioii 
as a smaller subject. As Figure 4,2 shows, increasingly stronger 
doses of a drug cause increasingly larger effects, until the point of 
maximum effect is reached. At tliis point, increasing the rinse ol' 
the drug does not produce any more effect. (See Figtire 4.2.) 

.Most drugs have more than one effect. Opiates such as mor¬ 
phine and codeine produce analgesia (reduced sensiiivitv to pain), 
but they also depress the activitv^ o( neurons in the medulla that con¬ 
trol heart rate and respiration. A physician who prescribes an opi¬ 
ate to relieve a patient'.s pain wants to administer a dose that is large 
enough to prt>duce analgesia but not eiiougli to rlepress heart rate 
and respiration—effects that could be fatal. Figme 4.3 shows two 
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Figure 4.3 


fl()se-rt‘s]:)<>nsc t urves, tnie ^o^ ilie analgesic ef fects of a 
[>ainkiller and one for ilie drug's dejiressaut efTecls on res- 
piratioti. I'he difTerence between tfiese curves indicates 
the drug's margin of safety, Olw inusK; the most desirable 
drugs have a huge margin of‘safely, (See Figure 4.y.) 

One ineasui e of a drtig's luaigin tjf safely is its thera¬ 
peutic index. Tins measure is obtained by adminisiering 
varying doses oi' the drug u> a grou]) of lalKiratory ani¬ 
mals such as mice. Two iiumbers are ofilained: tfie dose 
that ]:»roduces the desired ef fects in 50 percent ofilie an¬ 
imals and the dose that produces toxic elfects in 50 per¬ 
cent oJ the animals, d'he therapeuiic index is the ratio ol’ 
these two numbers, Kor example, iidhe Kjxic dose is five 
limes higlier llian tlie elfective dose, then ifte therapeu¬ 
tic index is 5.0, Tire lower the ilierapeutic index, the 
more care must he taken in prescribing the drug, F(n ex¬ 
ample. barhitnrates liave relatively low' iherapeulie in¬ 
dexes—as low' as 2 or In contrast, tranquilizers such as 
Librium or Valium have ilierapeniic indexes of Wei I over 
100. As a consequence, an accidema) overdose (d a bar- 
bhurate is much more likely to have tragic effects tlian a 
similar overdose of Labrium or \ aiium. 

U7o’ dt> di ngs r ai y in their ef feeliveness? Tliere are 
two reasons. First, different di ngs—even those svith the 
same beliavioral effects—mav have dirferent sites of ac- 
liem. For example, boib morplhnc and aspirin have anal¬ 
gesic effects, but morphine suppresses the activitv of 

nettrons in the spinal eovd and brain that are involved in j^aiii [KTception, whereas 
aspirin reduces tfte production (d a chemical involved in transmitting information 
from damaged tissue to pain-sensitive neurons. Because ilie drugs act \'ery differ- 
eiuly, a given dose ol rnorphine (exj^ressed in terms of inilligrams of'drug ]>ei' kilo¬ 
gram of f)ody weight) produces much more pain redueiion than tlie same dose of 
aspirin. 

The second reason that drugs vary in their effectiveness has to do witli the af’fhi- 

ilv of tlie drug with its site of action. As we will see in the next major seciion of iliis 

chajrrer. most dmgs of interest to psycln^pliarmacologisisexei i their eff ects [>y hind- 

ing w'itli tJiher molecules located in the central nervous system—with jii esynapiic or 

posLsyiiaptic receptors, witli transporter molecules, or with enzymes involved in the 

jiroduction or deactivation of iieurotransmitters. Drugs vary ividcly in their affinity 

for the molecules to which ihevattacli—the readiness witli which the tw^o molecules 

■■ 

join together. A drug with a high allinitv will produce effects at a relativeh low’ con¬ 
centration, wiiereas ont* with a low ainniiy nnist he administered in relativeIv liigh 
cUjses, Thus, even two drugs with ideniical sites of action can vary widely in their el- 
feciiveness if they have dilfereiH affinities for their binditig sites. In addition, be¬ 
cause most drugs have muUijjle effects, a drug can have fiigh affinities for some of 
its sites of acijnn and low affinities for oiliers. The most desirable drug I’las a higli 
affinity for sites of action dial pr(Klnce therapeutic effects and a low affinity for sites 
of action diat pnxluce toxic side effects. One of the goals of research by drug coiii- 
[>anies is to find ctienhcals with just lliis pattern of effeet.s. 

Effects of Repeated Administration 

Often, when a drug is administered refx'aiedly. its ef fects will not remain constant. In 
most cases its effects will diminish—a ]:)iienomenon known as tolerance, hi other cases 
a drug becomes more and more ef fective—a jilienomenon known as sensitization. 


Dose-response curves for the analgesic effect of morphine and 
for the drug's adverse side effects, its depressant effect on 
respiration, A drug's margin of safety is refleaed by the 
difference between the dose-response curve for its therapeutic 
effects and that for its adverse side effects. 



dose-response curve A graph 
of the magnitude of an effect of a 
drug as a function of the amount 
of drug administered. 

therapeutic index The ratio be¬ 
tween the dose that produces the 
desired effect in 50 percent of the 
animals and the dose that pro¬ 
duces toxic effects in 50 percent 
of the animals. 

affinity The readiness with 
which two molecules |om 
together, 

tolerance A decrease in the ef¬ 
fectiveness of a drug that js ad¬ 
ministered repeatedly, 

sensitisation An increase in the 
effectiveness of a drug that is ad¬ 
ministered repeatedly. 
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withdrawal symptom The ap^ 

pea ranee of symptoms opposite 
to those produced by a drug 
when the drug is administered re¬ 
peatedly and then suddenly no 
longer taken. 

placebo (p/a see boh) An inert 
substance that is given to an or¬ 
ganism in lieu of a physiologically 
active drug: ^J5ed experimentally 
to control for the effeas of mere 
administration of a drug. 


Let's consider tolenince first. Tolerance is seen In many di that are coiii- 
nionly abused. Km‘ exaitiple* a ref^ulai- user of‘ lieroiu nuist Lake larger and larger 
amounts oJ ilie drug for it lo be elTective. And once a person lias laketi an ofjiaie reg¬ 
ularly enough lu develojj Kderance, that individual will snfTer withdrawal symptoms 
if he or she suddetily stops taking the drug. Withdrawal syniptonis are primarilv the 
oppt>site of the effects of the drug itself. For example, heroin produces euphoria; 
svithdrawal from it produces fly.\l/hona —a feeling of atixious misery. {Eiiphorui and 
(lys/jhoria mvAn “eas\ t<) hear” and '1iard to hear," I■es]>ecti^'elyO Heroin pi’oduces con¬ 
stipation; withdrawal from it produces nausea and cramjjing, I leroiii ]>roduces re- 
laxatioti; withdrawal from it produces agitation. 

Wiilidrawai symptoms arc caused by the same mechanisms that are responsible 
i'or tolerance. TVilerancc is the resnh of the body's attempt to compensate for die ef¬ 
fects of the drug. Tliat is, most systems of the body; including those controlled bv tlie 
brain, are regnlaied so that they stay at an optimal value. W'hen the effects oi a ding 
alter these systems for a prolonged time, compensatory mechanisms begin to pro¬ 
duce the opposite reaction, at least partially compensating for the disun hance IVom 
the optimal value. These mechanisms accf>uni for tl)e fact tliat more and more of the 
drug must he taken u> achieve a given level ol eiTccts. 'fhen, wlien the person slops 
taking the <hTig, the compensatory mechanisms make themselves felt, unoj^posed hv 
the actit>n of the di ng. 

Research suggests that there are sevcial types of compensatorv mechanisms. As 
we will see, many drugs that alfect the brain do so by bindittg with receptors and ac¬ 
tivating them. The hrsi compensatory mechanism involves a decrease in the eflec- 
liveness of such binding. Filhei the receptors become less sensitive to the firng (that 
i.s, their afllniiy for the drug decreases) t>r tlie recept<ns flecrease in number, I'he 
second compensatory mechanism involves the [>rocess that couples the receptors to 
ion channels in tlie membrane or to the productitvn oi'second messengers. After 
prokniged stimulation of the receptors, <me or more steps in the coupling process 
become less effective, (Of etjurse, ei’feels can occur.) The details of these cenn- 
pensaiory mechanisms are described in ("hapter I(>, wliidi tli.scnsses tlie causes and 
effects oiTlrug abuse. 

As we liave seen, many f I rugs have several different sites oi aclitm and thus pro¬ 
duce several differeiU effects. This means that some of the effecls of a drug mav 
sht)W‘ tolerance but others may not. Fcjr example, barhiuiraies cause sedaiifin and 
also depress neuJT>ns that control respiration. T\h‘ sedative ef fects show tolerance, 
hut tile respiratory depression floes ntn. I'liis means that ii larger anti larger doses 
f)f a barhiuiraie are taken to achieve the same level oi’setlalion, the person begins to 
run the risk o( taking a dangeronsly large dose ol the flrug, 

Sensiti/ation is, oi course, the exact op[iosiie of itilerance: Repeated doses of a 
di ng protluce larger and larger effects, liecause compensatory medianisms tend to 
correct ior fleviaiions away ironi the optimal values ol'physiological processes, sen- 
si ti/at ion is less common tlian tolerance. And stmie of the eflccts of a fling mav show 
sensilbaiicm wliile others show' tolerance, Ft>r example, repeatetl injections oi co¬ 
caine become more and more likely to [)nKince incAcinenl flisorfiers and convul¬ 
sions, whereas the eu[>ht>ric elfects of tlie drug <lo nf)t show sensiti/aiitm—^aiifl mav 
even show tolerance. 


Placebo Effects 

A placebo is an iniujcuous substance that has no specific jshvsifilogical effect. The 
w’oi’d comes iforii the Latin "to pleast‘." A physician may sometimes give a 

placebo to anxious patients to [ilacate them, (You can see that j}laaiie also has rhe 
same rf>oL) Buialthougli placebos have nt> physiological effect, it is incon ect 

tf> say that they liave effect, li'a person thinks that a placebo has a physiological 
effect, then administration of the placebo may actually produce that effect. 







When experiineniers wani lo iiiveslifratc llic l>cIiuvioral eifects of drills in lin- 
inans, iliey tnusi use ctmirui p oiips wliose incinl>ci s reeeive placelios, or iliev can¬ 
not be sure that tfie belnivioral efTecls tliev observe were eanserl by speeillc efTeets 
oi llie drug* Studies with lalxuatory animals must also use jjlacehos, even though we 
tieed not worrv ahoni the animals' ‘'beliefs" ahoin the elTecis of the drtigs we give 
them. Ckmsider what you must do to give a rat an intmperitoneal iujeetion of a drug* 
Von reach into the animal's cage, pick ihe animal u]>, liold it in such a way that its 
alxk>meji is exposed and its heatl is posiiionefl to prevent it (rom biting you, insert 
a hypodermic needle thnnigh its afKlomiual wall, press the pUtnger of’the syiinge, 
and replace the animal in its cage, beiitg sit re iu let go of it quickly so that it cannot 
turn and bite you* Kven if the suf>stanee yon injeel is innocuous, the experience of 
receiving the injection would activate the animars autonomic nervous system, cause 
the secretion of stress hormcnies, and fiave t>fher physiological ef fects, [| we want to 
know what the beliavit>ral efTeets of a flrug are, we must compare ilie drug-treated 
animals with other animals who receive a placebo, administered in exactly the same 
way as the drug. (By the way; a skilled aiul experieneetl researcher can liandle a rat 
so gently that it shows very little l eaciion to a hypodermic injection.) 


INTERIM SUMMARY 


Principles of Psychopharmacology 

Psychopharmacology is the study of the effects of drugs on the nervous system and behav¬ 
ior. Drugs are exogenous chemicals that are not necessary for normal cellular functioning 
that significantly alter the functions of certain cells of the body when taken in relatively low 
doses. Drugs have effects, physiological and behavioral and they have sites of action —mol¬ 
ecules with which they interact to produce these effects. 

Pharmacokinetics is the fate of a drug as It is absorbed into the body circulates through¬ 
out the body and reaches its sites of action. Drugs may be administered by intravenouSi in- 
traperitoneal intramuscular, and subcutaneous in|ection; they may be administered orally, 
sublingually intrarectally by inhalation, and topically (on skin or mucous membrane); and 
they may be injected intracerebrally or intracerebroventricularly. Lipid-soluble drugs easily 
pass through the blood-brain barrier, whereas others pass this barrier slowly or not at all 

The dose-response curve represents a drug's effectiveness; it relates the amount ad¬ 
ministered (usually in milligrams per kilogram of the subject's body weight) to the resulting 
effect. Most drugs have more than one site of action and therefore more than one effect. 
The safety of a drug is measured by the difference between doses that produce desirable ef¬ 
fects and those that produce toxic side effects. Drugs vary in their effectiveness because of 
the nature of their sites of actions and the affinity between molecules of the drug and these 
sites of action* 

Repeated administration of a drug can cause either tolerance, often resulting in with¬ 
drawal symptoms, or sensitization. Tolerance can be caused by decreased affinity of a drug 
with Its receptors, by decreased numbers of receptors, or by decreased coupling of receptors 
with the biochemical steps it controls. Some of the effects of a drug may show tolerance, 
while others may not—or may even show sensitization. 


i 


Sites of Drug Action 


Througlioiit the histtn y c)r<Mir specie.^, people have discovcrcfi that plants—and a 
lew aniiitals—produce cheinirals that act on synapses* {()! course, the people who 
discovered these chemicals knew nothing about neurons and synapses.) Some of 
these clieniicals have been used lor their pleasurable efTeets; others have been used 
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See Animation Ac^ 
tions of Drugs, for an in¬ 
teractive examination of 
the ways that drugs can affect 
synaptic transmission. 



lo ti e;u illness, reciiice pain, or poison other animals (or eiicmies). More rerenilv, sci- 
eniisis [)ave learnetl u> protluce completely uriiricial (tru^s, some with [KJieiu ies iar 
greater than those oft lie natii rally ocenrring ones* Tlie trad it ion al uses of drugs re- 
main, f>m in addition, they ran he used in research laboi aUn ies to investigate tfie <jj> 
erations of’ the nervous system. Most drugs that affect Ixdiavior do so f>y affecting 
syiia[>tic Uansuiission, Drugs that alleci synaptic trausmissioii are classified into two 
general categories. Those that i>lock or iidiibit the postsvnaptic effects are called an¬ 
tagonists. Those ill at facilitate them are calle<i agonists. (The (ireek word 
means "contest/'Thus, an is one wliu lakes pan in ilie contest.) 

1’his section will describe tiie basic effects of'drugs on sMiapiic activitv. Recall 
from (-liapler 2 and Animation 2,3 lliat the secjuence of svnapiic activity goes like 
tins: Neuiotransmiuei s are synthesi/ed and stored in synaptic vesicles, V\w synaptic 
vesicles travel lo ifie presynaptic membi aiie, wfrta e iliey become docked. When an 
axon fires, VOItage-dependent calcium channels in the presynaptic membrane o[xm, 
permitting the entry of calcium ion.s. The calcium ions initiate ilie release of the 
neuroiraiismitters into the synaf>tic cleft. Molecules of the ueuroiransmitier f>infl 
with poslsynaptic receptors, causing pariiculai ion channels to oj^en, which pnx 
duces excitatory or inhihitt>ry poslsyiiaplic potentials. The effects of tiie neuro- 
transmitter are kept relatively brief hv tfieir reuptake by trausporier molecules in the 
presynaptic membrane or by their desu iiciion bven/ymes. In addition, tile stimula¬ 
tion r>f'jnesynaptic autoreceptoi s regulates tlie synthesis and release of the neuro- 
iransiniiter* The discussion of the effects of clrugs in this sectkin follows the same 
basic sec|ueuce. All of the effects I will descr ibe ai e summari/eri in Figure 4,4, with 
some details shown in additional figures. I should warn ycui tfiat some t>f tlie effects 
are complex, so the discussion that follows bears cai eliii reading, I recommend tliat 
you stud) 4.1, Actiom of Drugs^ whicli reviews this material. 


Effects on Production of Neurotransmitters 

The firsL ste[i is the s)nthesis of’the iieurouansmiuer from its precursors. In some 
cases the rate of.synthesis an<l release i>f a iieurotransmiUc‘r is increased when a pre¬ 
cursor is admiuisiered; iti these cases the precursoi’ itself serves as aii agonist. (See 
step I in Figure 4,4.) 

The steps in the syniliesis of neuron aiisiiiitiers are controlled by en/vines* 
Therefore, if a drug inactivates one of these en/vmes, ii will prevent the neiiro- 
iransmitier from being produced. Such a drug serves as an antagonist* (See ste[j 2 
in Figure 4,4,) 


antagonist A drug that opposes 
or inhibits the effects of a particu¬ 
lar neurotransmitter on the post- 
synaptic cell. 

agonist A drug that facilitates 
the effects of a particular neuro- 
transmitter on the postsynaptic 
cell 


Effects on Storage and Release 
of Neurotransmitters 

Neur(>ir;msmiLlers are stored in synaptic vesicles, which are transported lo the piesv- 
iiaptic membrane, where the chemicals are released* The storage of neuroti ansmii- 
lers in vesicles is accomplished by the same kind of transporter molecules that are 
responsible for reuptake of a neiiroiransmiiier into a lenninaf huuoii, J’he trans¬ 
porter molecules are located in the inembi ane of svnaptic vesicles, and ilieir actit>n 
is to [>imi[> molecules oi’the iieurolransmiLler across the membrane, fllliug the ve.si- 
cles* Some of the trausporier molecules that fill synaptic %esiclcs are ca[>ahle of be¬ 
ing l>loc ked by a drug. Molecules of the drug hind with a pardcular site oil the 
transporter aiul inactivate it. Because the svnaptic vesicles remain empty, nothing is 
released wlieii the vesicles eventually riif^lure against the jjiesynaptic meinhrane. 
The di ug serves as an antagonist* (See .step 3 in Figure 4,4,) 

Some drugs act as antagonists by [>reveiuijig the release of’ neuro transmitters 
f rom the terminal button. Fhey do so l>y deactivating tlie proteins that cause syna|> 








Sites of Drug Action 


3 


Figure 4.4 

A summary of the ways in which drugs can affect the synaptic transmission (AGO = agonist; 
ANT = antagonist; NT = neurotransmitter). Drugs that act as agonists are marked in blue; drugs 
that act as antagonists are marked in red. 




Drug blocks autoreceptors; 
Increases synthesis/release of NT 
AGO 

(e.g., Idazoxan—norepinephrine) 


Drug blocks re uptake 
AGO 

(e,g,. cocaine-dopamine) 


Drug stimulates release of NT 
AGO 

(e.g.* black widow spider venom—ACh) 


Drug inhibits release of NT 

AISJT 

toxin—ACh) 


Drug prevents storage of NT in vesicles 

ANT 

(e.g., reserpine—monoamines) 


Drug inactivates synthetic enzyme; 
inhibits synthesis of NT 
ANT 

(e.g., PCPA—serotonin) 


Drug stimulates auto receptors; 
inhibits synthesis/release of NT 
ANT 

(e.g., apomorphine—dopamine) 


Drug blocks 
postsynaptic receptors 
ANT 

(e.g,, curare, atropine—ACh) 


Drug stimulates 
postsynaptic receptors 
AGO 

(e.g., nicotine, muscarine—ACh) 


Drug inactivates 
acety Ichol i neste rase 
AGO 

(e.g., physostigmine—ACh) 


Drug serves as precursor 
AGO 

(e.g., l-DOPA— dopamine) 


Molecules of 
drugs 


lie vesicles to fuse with the presyiiaptic [iieinbraue and expel their contents into ihc 
synaptic cleft. Other drugs liave just the opposite effect: Thev act as agonists by bind¬ 
ing with these proteins and directly iriggcring release of the nenroiransinitieiv (See 
steps 4 and 5 in Figure 4.4.) 


Effects on Receptors 

Tile most important^—and most complex—^site of action of drugs in the nervous svs- 
leni is on receptors, both presynaplic and posisvnapuc, I.et's consider postsvnapiic 
receptors first. (Here is where the careful reading should begin.) Once a neuro- 
transniitier is released, it must stimulate the postsynaptic receptors. Some drugs hind 
with these receptors, just as the neurotransmiiter tloes. Once a drug has bound with 
the receptor, it can serve as either an agonist or an aiiiagonist. 

A drug that mimics the effects of a neuru transmitter acts as a direct agonist. Mol¬ 
ecules of the drug attach to the hitiding site to which the neuroti ansmiiter norniallv 
attadies. This binding causes ion channels controlled by the receptor to open, just 
as they do when the neurotransinitier is present. Ions then pass through these chan¬ 
nels and produce postsynaptic potentials. {See step l> in Figure 4A,) 

l^rugs that bind with postsynaptic receptors can also serve as antagonists. Mole¬ 
cules of such drugs bind with the receptors but do not open the ion channel. Be¬ 
cause they occupy the receptor's binding site, they prevent the neurotransmilter 
from opening the ion channeL These drugs are called receptor blockers or direct 
antagonists. (See step 7 in Figure 4A.) 


direct agonist A drug that binds 
with and aaivates a receptor, 

receptor blocker A drug that 
binds with a receptor but does 
not activate it; prevents the nat¬ 
ural ligand from binding with the 
receptor. 

direct antagonist A synonym 
for receptor blocker. 
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Figure 4.5 

Actions of drugs at binding sites on receptors, (a) Competitive binding. Direct agonists and 
antagonists act directly on the neurotransmitter binding site, (b) Noncompetitive binding. 
Indirect agonists and antagonists act on an alternative binding site and modify the effects 
of the neurotransmitter on opening of the ion channel. 



Drug 


Neurotransmitter 
binding site 


I Competitive 


Direct Direct 

agonist antagonist 



Neuro¬ 

transmitter 


Neuro¬ 
transmitter Drug 


Neuromodulator 
binding site 


itive 


binding 


Indirect 

agonist 


Indirect 

antagonist 


f noncompetitive binding Bind- 
I ing of a drug to a site on a recep- 
< tor; does not interfere with the 
binding site for the principal 
ligand. 

indirect antagonist A drug that 
attaches to a binding site on a re¬ 
ceptor and interferes with the ac¬ 
tion of the receptor; does not 
interfere with the binding site for 
the principal Jigand, 

indirect agonist A drug that at¬ 
taches to a binding site on a re¬ 
ceptor and facilitates the action of 
the receptor; does not interfere 
with the binding site for the prin¬ 
cipal ligand. 


Snnie rtccpiora Itavc tnulLiplc binding sites, to which different ligands can at- 
lacli. Molecules of the neurotransmirier hind with one and otlier substances 
(such as neuroiiiodulaiors and various drugs) hind with the otliers. Binding of a 
molecule wiiii one of’ these al tern alive sites i.s referred to as noiicompedtive bind* 
ingy because the molecule does not compete with molecules of the neiii’oLransmit- 
ler i’or the same binding site, 11’a drug attaches to one of lliese allei native sites and 
prevents the ion channel from opening, the drug is said lu be an indirect antago¬ 
nist. The ultimate of an indirect antagonist is similar to that of a direct antag¬ 
onist, hut its site of action is different. If a drug attaches to one of the alternative 
sites and Jariiitfifes the opening of the ion channel, it is said to he an indirect ago¬ 
nist. (See Figtire 4,5.) 

.■Vs we saw' in C^haplei'2, llie presynaptic membranes of .some neurons contain au¬ 
to rece]>lors that regulate the amount of neurotransmiuer that is released. Because 
stimulation of these receptors causes less neurotransmiuer to he releasecU drugs that 
selecuvely activate presynaptic receptors act as antagonists. Drugs that himk presy- 
naptic autoreceptors have the ofjposite effect: Tliey dmrrascihe release of the neu- 
roiransinitter, acting as agonists. (Refer to steps 8 and 9 in Figure 4A.) 


Effects on Reuptake or Destruction 
of Neurotransmiuer 

The next step after stimulation of the po.stsynaptic receptor is termination of the 
postsynaptic poteniiaL Two processes accomplisfi that task: Molecules of the nemo- 
transmitter are taken back into the terminal biition through the process of renptake, 
or they are destroyed by an enzyme. Drugs can interfere with either of these 
j^rocesses. In ilie first case molecules of the drug attach to the transpt>rter molecules 
that are responsible for reiipiakeand inaeiivaie them, thus blocking renptake. In the 
second case molecules of ilie tirug bind with the enzyme that normally destroys the 
neurouansmliter and prevents the enzymes from working. The most important ex¬ 
ample of such an enzyme is acetylcholinesterase, wliich destroys acetylcholine. Be¬ 
cause both types ol drugs prolong the presence of the netiiotransmitter in the 
synaptic cleft (and hence in a location where they can stimulate postsyiiapiic recep¬ 
tors), diey serve as agfmhfs. (Refer to steps 19 and 11 in Figure 4A,) 















Neurotransmrtters and Neuromodulators 


INTERIM SUMMARY 


Sites of Drug Action 

The process of synaptic transmission entails the synthesis of the neurotransmitter, its storage 
in synaptk vesicles, its release into the synaptic cleft, its interaction with postsynaptic re¬ 
ceptors, and the consequent opening of ion channels in the postsynaptic membrane. The ef’ 
facts of the neurotransmitter are then terminated by reuptake into the terminal button or 
by enzymatic deactivation. 

Each of the steps necessary for synaptic transmission can be interfered with by drugs 
that serve as antagonists, and a few of these steps can be stimulated by drugs that serve as 
agonists. In particular, drugs can increase the pool of available precursor, block a biosynthetic 
enzyme, prevent the storage of neurotransmitter In the synaptic vesicles, stimulate or block 
the release of the neurotransmitter, stimulate or block presynaptic or postsynaptic receptors, 
retard reuptake, or deactivate enzymes that destroy the neurotransmitter postsynaptically 
or presynaptically, A drug that activates postsynaptic receptors serves as an agonist, whereas 
one that activates presynaptic autoreceptors serves as an antagonist. A drug that blocks 
postsynaptic receptors serves as an antagonist, whereas one that blocks autoreceptors serves 
as an agonist. 


i 


Neurotransmitters and Neuromodulators 


Because neuroiransiuittcrs have two general effects on postsynaptic membranes— 
depolari/ation (EPSP) or hyperpolanzation (IPSP)—one might expect that there 
would be two kinds of neurotransmiuers, excitatory and inhibitory. Instead* there 
are many different kinds—several dozen, at least. In the brain most synaptic com¬ 
munication is accomplished by two neurniransmiltcrs: one with excitatory effects 
(glutamate) and one with inliibitory effects (CiABA). (Another inliibitory neiiro- 
transniiiter, glycine, is found in the spinal cord and lower bi ain stem*) Most of the 
activity of local circuits of neurons involves balances between the exciiatt)ry and in- 
Inbilory effects of these chemicals, which are responsible for most of tire informa¬ 
tion transmitted from place io place within the brain. In fact, there are probably no 
neurons in the brain that do not receive excitatory input from ghitamate-secreiing 
terminal buttons and inhibitory input from neurons iliai secrete either CiABA or 
glycine* And with the exception of neurons that delect painf ul stiinnli, all sensory or¬ 
gans iransmit informaiioii to the brain through axons whose terminals release glu¬ 
tamate* (Pain-detcciing net irons secrete a peptide.) 

What do all the other ncuixnransmitters do? In geneiaU they have modulating 
effects rather than information-transmitting effects. That is* tlie release ofnenro- 
transmitters other than glutainaie and GABA lends to activate oi inhibit entire cir¬ 
cuits ol‘ neurons that are involved in particular brain functions. For example, 
secretion of acetylcholine activates tlie cerebral cortex and facilitates learning, but 
die inhn ntaiicm that is learned and remembered is transmitted hv neurons that se- 
Crete glutamate and (iABA. Secretion of’norepinephrine iitcreases vigilance and en¬ 
hances readiness to act when a signal is cletected* Secretion of serotonin suppresses 
certain categories of species-typical ]>ehaviors and reduces the likelihood that the an¬ 
imal acts inipiifshely* Secretion of dopamine in some regions of the bi ain generally 
activates voluntary iiHnements hni dot's not specify which inovemenis will occinv In 
other regions secretion of dopamine reinfor ces ongoing behaviors and makes them 
more likely to ficcnr at a later lime* Because particular drugs can seleclively affect 
neurons that secrete paiiicnlar nenrotransmiiters, they can have specific ef fects on 
behavior 
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acetyl-CoA ia see fu/l A cofactor 
that supplies acetate for the syn¬ 
thesis of acetylcholine. 

choline acetyltransf erase 
(ChAT) {koh feen a see tul trans 
fer ace) The enzyme that transfers 
the acetate ion from acetyl coen¬ 
zyme A to choline, producing the 
neurotransmitter acetylcholine. 

botutinum toxin (jboryou tin um) 
An acetylcholine antagonist; pre- 
vents release by terminal buttons. 

black widow spider venom A 

poison produced by the black 
widow spider that triggers the re¬ 
lease of acetylcholine. 

neostigmine (nee o stig meen) 

A drug that inhibits the activity of 
acetylcholinesterase. 

nicotinic receptor An ionotropic 
acetylcholine receptor that is stim¬ 
ulated by nicotine and blocked by 
curare. 

muscarinic receptor (muss ka rin 
ic) A metabotropic acetylcholine 
receptor that is stimulated by mus¬ 
carine and blocked by atropine. 


Figure 4.6 

The biosynthesis of acetylcholine. 


Acetyl coenzyme A 
(acetyl’CoA) 



This.seciiun iiiEioduces ihe most inipoitaiu tieiirotransmitun s, discusses some of 
liieir behavioral ftinnions, and describes ilie ririigs that interact witli them. As we saw 
ill tile previous secrioti of this chaptei; drugs have manydirferem sites of action. For- 
luiialelv for your inibrniaiion-processiiig capacity (and perhaps your sanit\’), not all 
t\’pes of neurons are affected bv all types of drugs. As you will see. that still leaves a 
good number oi'drugs to be mentioned by name. Obviously, some are more impor¬ 
tant than others. Those whose effects I describe in some detail are more important 
than those 1 mention in passing. If you want to learn more details about these drugs 
(and many others), vou should consult an up-UKiate psycho[jliarinacoiog)' text. 

Acetyteholine 

AceUlcholine is the primary neurotransmitter secreted by efldrem axons of the cen¬ 
tral nervous swstem. All muscular movement is accomplished by the release of acecvl- 
ciioline, and ACh is also found in the ganglia of the autonomic nervous system and at 
the target organs of the parasympatlietic brancli of the .4NS. Because ACh is found 
outside the central nervous s^■steln in locations that are easv to stiidv, this neurotrans- 
mitter was the first to he discovered, and it has received much attention from netiro- 
scientists. Some ierniinolog\ : These synapses are said to be Hrgim is the 

Greek word for "work.” Thus, fhfjrimifiergic synapses release dopamine, serofoneipc 
svnapses release serotonin, and so on. (The suffix -eipch pronounced 

The axons and terminal buttons of acetylcbolinergic neurons are distributed 
widely throughout the brain. Three systems have received the most alien tin ti from 
neuroscientists: those originating in the dorsolateral pons, the basal forebrain, and 
the medial septum. The effects of AC>h released in the brain are generally facilitauiry. 
The acetylcbolinergic neurons located in the dorsolateral pons are responsible for 
eliciting most of ihe characteristics of RFM sleep (the phase of sleep during which 
dreaming occiirs). Those located in the basal forebrain are involved in activating 
the cerebral cortex and facilitating learning, especially perceptual learning. Those 
located in the medial septum control the eleeti ical rhythms of the hippocampus ati<i 
modulate its functions, which include the foi matiun of particular kinds of memories. 

.A.cenicholine is composed of two components: rholim', a substance deiived from 
the breakdown (Tlipids, and acetale, the anion found in vinegar, also called acetic acid. 
AcetiUe cannot he attached directly to choline; instead, it is transferred from a mole- 

I* 

cule (i(rtyl-CoA. CoA (coenzyme A) is a complex moieciiie, 
consisting in pan of the vitamin pantothenic acid (one of the 
B vitamins). CoA is produced by the mitocliondria, and it 
takes ]>aiT in many reactions in the body. Aeetyl-CoA is simply 
Ca).\ with an acetate ion attached to it. .\Ch is produced by 
the following reaction: In the ]>resence of the enzyme choline 
acetyltransferase (ChAT), the acetate ion is transferred b om 
the acelvlT'oA molecule to the clndine molecule, yielding a 
molecule of AC -h anil one of ordinary (k)A. (See Figure 4.6.) 

simple analog}'will illustrate the role ofcoenzvmes in 
chemical reactions. Think of acetate as a hot dog anil 
choline as a bun. Hie task of the person (enzyme) who op¬ 
erates the hot dog vending stand is to put a hot dog in in the 
bun (make acetylcholine). l o do so, tlic vendor needs a fork 
(coenzvme) to remove the hot dog from the boiling w'aier. 
fhe vendor inserts the fork into the lioi cU)g (attaches ac¬ 
etate to f’-oA) and transfers the hot clog from fork to bun. 

Two drugs, bo ti dill urn toxin and the venom of the 
Ijlack widow spider, affect die release ol'acetylcholine. Bot- 
ulinum toxin is produced by flostriflfum hnUtiifntm, a bac- 


Coenzyme A 
(CoA) 
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Acetylcholine 
molecule 




icriinii iliai can ^nnv in inipro[>erly canned RhhI. This cli u^ 
jjrcvcnts llie release ol'A(li (step 5 of Figure 4A). The cli ng is 
an extremely potent poison; S()meone once calculated that a 
leasfjoonful ofptire hotnliitinn toxin conld kill tlie world's en- 
lire hnnian population* Yon nndouhtedly know that treat¬ 
ment has become fashionable* A dilute (obviously!) solmion of 
bouiliuum toxin is injected into people’s larial muscles to stojj 
muscular contiactions that are causing wrinkles. In contrast, 
black widow spider venom has the o[>posite el lecir It sLinuilales 
the release of’AC'li (step 4 ol’Figure 4*4)* Althougli the effects 
of black widow spider venom can also be fatal, the venom is 
much less toxic than htjuilinum toxin* In fact, most healthv 
adults would have \u receive several liites, bin infants or frail, 
elderly people would be more susceptible. 

You will recall from C'liapler 2 ihai after being released by 
the terminal button, A(]b is deactivated hv the enzvme acetvl- 

r j 

cholinesterase (A(4)E), which is present in the postsMiaptic 
membrane. (See Figure 4,7.) 

Drugs that deactivate A(!hF (step 11 of Figure 4*4) are used for several [)ur] 5 oses. 
Some are used as insecticides* These drugs readily kill insects but not lumians and 
other mammals, because our bhaid contains cn/\'mes that destroy iliem. (Insects 

m 

lack the en/vme*) Ollier *'\('liF inhihiiors are used meflically* For exam[)Ie, a heierl- 
itary disorder callefl niya.sfheftia gtm4s is caused bv an attack ol a petsfm's imninne sys¬ 
tem against acetylchoUne receptors located on skeletal muscles* The person 
becom(\s weaker and \veaker as liie muscles become less responsive to the neuro- 
transmiuer. II the [>erson is given an AOhE inhibitor such as neostigmine, the per¬ 
son will regain some strength, because the acetylcholine that is released has a more 
prolonged effect tm the remaining receptors* (Fortunately, neostigmine cannot 
cross lire blood-brain barrier, so it does not affect the AThE found in lire central 
nei vons system.) 


Figure 4.7 

The destruction of acetylcholine by acetylcholinesterase. 



Acetylcholin¬ 

esterase 

(AChE) 


V 

Acetate ion 
Choline molecule 


Action of AChE 
breaks apart 
acetylcholine 
molecule 



Tlrere are two cliffereni types of AC4i receptors—one ioiuJtro[)ic and one 
metaboiropic. These receptors were ideiithled when investi¬ 
gators discovered that different rlrngs activated them {swp (i oi‘ 

Figure 4.4). The irmotropic A(4i receptor is stimulated by nico¬ 
tine, a drug found in tobacco leaves. (The Latin name oj the 
plant is Xirofinkina i{ihani?fL) The metabotropic A(!lr rt'cepior 
is stiumlaied by muscarine, a drug ft mud in the poison mush¬ 
room Afftafu/ff musrfnia. Clonsequenih, these two ACdi recep¬ 
tors are referred to as nicotmk receptors and muscarinic 
receptors, i nspectively. liecause muscle fibers must be able to 
contract rapidly, they eoniaiir the rafjid, ionotropic nicotinic 
1 eceplors. 

[because muscarinic receptors are tnetabt>iropic In nature 
and lints contr ol ion channels through the productiorr of sec¬ 
ond messengers, theii actions ar e slower and more prolonged 
than those of nicotinic recejDiors. The central tier"vous sysieni 
contains both kinds of AC*h r eceptor's, but muscarinic r ecefv 
tors predomirratc* Some uicotinic rece|)toi s are found ai axoax¬ 
onic synapses in the br ain, wbere tliey produce presynaptic 
facilitation. 

Just as tw'o difTereni dr ugs stimulaie tbe uvo classes of 
acetylcholine rece[)tors, two difi’eieni drugs i/hrk\hctii (sLtqi 7 
oi’ Figure 4,4)* Both drugs were discovered in nalirre long 
ago, aufi both arc still used by modern medicine. The fh'si. 


Amanita muscaria, a colorful mushroom, is the source of 
muscarine, a drug that stimulates muscarinic acetylcholine 
receptors* 
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atropine (a fro peer?) A drug 
that bfocks muscarinic acetyl- 
choline receptors. 

curare {^ew ra/ir ee) A drug 
that blocks nicotinic acetykholine 
receptors. 

monoamine imahn o a meen) 

A dass of amines that includes 
indolamines such as serotonin 
and catecholamines such as 
dopamme, norepinephrine, and 
epinephrine. 

catecholamine (car a koN a 
meen) A class of ammes that in¬ 
cludes the neurotransmitters 
dopamine, norepinephrine, and 
epinephrine. 

dopamine (DA) (tfope a meen) 

A neurotransmitter; one of the 
catecholamines, 

l-DOPA {eit dope a) The levoro- 
tatory form of DOPA, the precur¬ 
sor of the catecholamines: often 
used to treat Parkinson's disease 
because of its effect as a 
dopamine agonist. 

nigrostriatal system {nigh grow 
stry ay tuf} A system of neurons 
originating in the substantia nigra 
and terminating in the neostriatum 
(caudate nucleus and putamen), 

mesolimbic system {mee zo iim 
btk} A system of dopammergtc 
neurons originating in the ventral 
tegmental area and terminating in 
the nucleus accumbens, amyg^ 
da la, and hippocampus, 

mesocortical system (mee zo 
kor ti kuf) A system of dopamin¬ 
ergic neurons originating in the 
ventral tegmental area and termi¬ 
nating in the prefrontal cortex 

Parkinson's disease A neurolog¬ 
ical disease characterized by 
tremors, rigidity of the limbs, poor 
balance, and difficulty in initiating 
movements: caused by degenera¬ 
tion of the nigrostriatal system. 


Table 4.1 


^ Classification of the Monoamine ^ 
Transmitter Substances 

Catecholamines 

Indolamines 

Dopamine 

,Serotonin 

Norepinephrine 


Epinephrine 



atropine, bk)t ks riuiscai inic iwejDtors, Thr rini^ is naineci afun’Airopos, the (h cck 
fate wlio cut ilic thread r>f life (which a siinuieiit dose ofairopine will certaiidy do). 
Atro[>ine is one of several br'lhidonna afkalolds extracted from a plant called llie 
deadly inj^iiLshade, and llierein lie.s a tale. Many years ap[o, women wlio wanted to 
increase their aliracUveness to men ptil drops containing belladonna alkaloids into 
their eves. In lact, hf'lladtftnui means "pretty lady.'' W'hy was the drug used this way? 
One of the unconscious resptynses that occtirs when we are interested in something 
is dilation of pupils. By blocking the elTects of aceiylchollne on the pupil, bel¬ 
ladonna alkaloids such as atropine make the pupils dilate. This change makes a 
woman appear more interested In a man when she looks at him, and, of com se, this 
apparent sign of interest makes him regard her as more attractive. 

Another drug, curare, blocks nicotinic receptors. Because these leceptoi s ate the 
ones Idtind on muscles, eiii are^ like houilinnm toxin, causes paralysis, l lowevei; the 
effects oi curare are much fa.sier. The drug is extracleti fnan several difleretH species 
of plants fount! in South America, where it was discovered long ago by people who 
used ii to coat the Ups oi arrows atul darts. Within minutes of being struck by erne oj 
these points, an animal coilajm's, ceases breathing, and dies. Nowadays, curaie (and 
other drugs with the same site of acticju) are used to paraly/e patients who are to un¬ 
dergo surgery so that their muscles will relax completely and not contract w hen they 
are cut with a scalpel. An anestiietie ninsL also l>e nse^i, hecatise a perstai who receives 
only curare will remain jx-i fectly conscious aud sensitive to pain, even ihotigh para¬ 
lyzed. And, of eourse, a respirator must be used to siij^ply aii to the lungs. 

The Monoamines 

Ivpincplirine, mjre[>inephrine, tlopamine, and serotonin are [bur chemicals that be¬ 
long to a fainilv t>f compounds called monoaiumes. Because Lite molecular stnicuires 
of these suhstanees are similar, some drugs alfeei the activity ol’all ofThem to some 
degree. Yhc ilrsl liiree—L^pinephrine, norefjinephrine, and dopamine—belong to 
a subclass of monoamiites called catecholamines. It is worthwhile learning the terms 
ill Table Tl, because they will he used many limes tlirongltout the rest ofihis hook. 
(.See Table 4 J.) 

The monoamines are produced by several systems of nenrtjus in the brain, .Most 
of these systems consist of a relatively small number (?I cell bodies loeaied in the 
brain stem, wlnise axons branch rigieatcdlv and give ri.se to an enormous nmnher of 
tenninal buttons distrilHitetl through out many regions of the brail r Mt>noaininei'- 
gic neurons thus sei ve to niodulale tlie f tinctit>n tif widespread regions of the brain, 
inereasiiig or rlecreasing the activities t>i particular brain fiinctions. 

Dopamine 

d he first catecholaniine in fable 4,1, dopamine (DA), produces both excitatory and 
inhihilory post.svnaplic ]>otentials, depending on the posLsyiiaptic receptor Dopamine 
is t)ne of the more interesting neurotransinitlers because it hits been iinplicaled in stw- 

eral impt>rtant fiinctions* including m<jvemeni, aitention, learning, and 
the reinibre ing elfetas of drugs dial jieople tend lo abuse: therefore, it 
isdist'ussed in (^lia[>iers 12, I t, la, and Mi. 

The svmhesis olThe eaiecholamines is somewliai more coinjjli- 
eaied than that (d A( Ih, but each sicjj is a sim[>le one. The precursor 
moleenle is modified slightly, step by step, until it achieves its fin ill 
shape. Kach step is coiurolied h\ a different enzyme, which ciinses a 
small part to he ackled or taken of f . 4'he precursor for the two majt>r 
catecholamine neuroiransmiuers (do[xmiine aiul norepinephrine) 
is an essential amino acifl that we inusi obtain fi‘om our diet. 

An en/A'iiie converts Lvrosine into l-DOPA, Another enzyme converts 

I ¥ • 

l-n()P,\ into dopamine. In tlo[>aminergic neurons, that conversion 
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Amines found in foods such as cheese would be toxic* but 
they are deactivated by the monoamine oxidase found in 
the blood* 


is ilie Iasi step, bui in iionKlrf^nergic neurons, clopamine is ctniverted into norepi- 
nepln ine, Tliese reartions are shown in Figure 4.8. 

rile l>i‘ain contains several systems of clopaniinergic nenrons/riie lliree most im¬ 
portant of these originate in the midbrain. The eeH bodies oj iieiirons of’llie tii- 
grostriatal system are located in die stif>slaniia nigra and pniject ifieii axons to die 
neosiriatnm: llic caudate nucleus and die piitamen, I'hc neostriatuin is an inipor- 
lant part of llie basal ganglia, involved in Lliecorujol ol inuvement. Tfie cell bodies 
of neurons oi the mesolimbic system are located in die ventral tegmental area and 
]>r()ject their ax«jns to several parts t>f’ the limbic system, including the [inclens 
accumbens, amygdala, and hippocampus. (I’lie term w/rwi-refers to die inidbrain, or 
mesencepliafon.) Tlie nnclens accumbens plays an important role in the reinforc¬ 
ing (rewarding) effects of certain categories of stimuli, including those of drugs that 
peo[)le abuse. The cell bodies orneutons of the niesocarticaJ system ai e also located 
in the ventral tegniental area. Their axons pnijeci to the prefrontal cortex. These 
neurons have an excitatory effect on the I’ronial cortex and thus affect such func¬ 
tions as formation <j 1 sfiort-Lerm memories, planning, and strateg^■ prepai aiion for 
problem solving. (See Table 4.2.) 

Degeneration of dopaminergic neurons that connect the substantia iiigi a with 
the caudate nucleus causes Parkinsonls disease, a movement disorder chai acterii^ed 
by tremors, rigidity of the limbs, poor balance, and difnculty in iniuaiing move¬ 
ments. rile cell bodies of these neurons are located in a region of tlie firain called 
the nihstfifiiia fi/gra (“black .substance"). This legion is normally stained black with 
melanin, the stibsiance that gives color to skin. This compound is produced by the 
lireakdown of dopamine. (Tlie brain damage that causes F*arkinsoirs disease was 
discovered by patliologists wlto observed dial the substantia nigra of a deceased 
person who had had this riisorder was pale ratlier than black,) People with Paikin- 
sords disease are given t.-DC)PA, the jnecursor to dopamine. Altliongb dopamine 
cannot cross the liloutl-brain barrier, l.-DOPA can. Once l.-DOPA reaches tlie 
brain, it is taken up byaiupaminergic neurons and isconvertefl to dopamine (step 1 


Figure 4.8 

Biosynthests of the catechofamines. 
Tyrosine 

I i Enzyme 
l^DOPA 

^Enzyme 

Dopamine 

I i Enzyme 
Norepinephrine 
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Table 4.2 


r 

The Three Major Dopatfiinergic Pathways ^ 


Origin (Location 

Location of 


Name 

of Cell Bodies) 

Terminal Buttons 

Behavioral Effects 

Nigroslnatal 

system 

j 

Siibsianiia nigra 

Neosrriauim 
(caudate nucleus 
and putainen) 

C n trol ol' niovem e 11 1 

Mesolinibic 

Ventral tegmental 

Nucleus 

Reinforcemem, 

system 

area 

accumbens and 

effects of addictive 



amygdala 

drugs 

Mesocurtical 

Ventral tegmental 

Prefrcintal cortex 

Sht>rt-tenn memories. 

system 

area 


planning, strategies 
for problem st)K'i[ig 


AMPT A drug that blocks the ac* 
tiv^y of tyrosine hydroxylase and 
thus interferes with the synthesis 
of the catecholamines. 

reserpine (ree sur peen) A drug 
that interferes with the storage of 
monoamines in synaptic vesicles. 

methylphentdate {meth u/ fen i 
date) A drug that inhibits the re- 
uptake of dopamine. 

monoamme oxidase (MAO) 
{mahn o a m&en) A class of en¬ 
zymes that destroy the 
monoamines: dopamine, norepi¬ 
nephrine, and serotonin. 

deprenyl {depp ra nif) A drug 
that blocks the activity of MAO-B, 
acts as a dopamine agonist. 


c)i Figure 4.4). The increased svmhcsis oi tlopannne causes more d<jpamine lo be re^- 
leased by lire surviving dopaminergic neurons in patients witli l^irkinsoiFs disease, 
.Vs a consequence, lire )>auenis' synijuoins are alleviaied. 

Anotlier drug, AMPT (or a-melliyl-/>tyrosine), inacdxaies tyrosine bydn>xylasc\ 
tire eii/vme ilral convei Is tyrosine to L-l><)l’.\ (step 2 of Figure 4.4). [kxanse ibis 
drug imerferes with the synlliesis of’dopamine (and of norepinepliriiie, as well), it 
serves as a cat echo I amine antagotiist. 1 lie drug is no I normally used medically, but 
il lias been used as a research tool in laliotatory animals. 

The flrug reserpme prevents liie storage ol moiioainines in synaptic vesicles by 
lilockhig liie iran.sporiers in the membi ane that pump monoamines into ihe vesicles 
(step 3 of Figure 4.4). Becatise the svnapiic vesicU‘s remain eiiqily, no ueuroiransmil' 
ler is R'leased when an action jioteniial leaches the terminal button. Reserpine, then, 
is a monoamine antagonist. The <irug, which comes from the root of a shrub, was dis¬ 
covered over ibiee thousand year s ag<i in India, where it was found to be useful In treat¬ 
ing snakebite and seemed to Irave a calming effect. Pieces of the root ar e still sold in 
markets in rmal areas oi India. In Western medicine reserpine was previously used \u 
tr eat high IiUkkI pressure, but il has been replaced l)v drugs witli fewer side effects. 

Several dinereni types of dopamine receptor's have lieen identilled, all 
mclabotro|)ic. Of these, two are the most common: />j ({offaminr mefttors and iK, 
dol?amin(^ rrrtfdon. It appears that Dj recepuirs aie exclusively poslsynaptic, whereas 
1),, receptors are found both presvnapiically and postsynapiicaliy in lire brain. Sev¬ 
eral drugs slimulale or block speciilc types of dopamine l eeeptoi s. 

Se^e^al drugs inhibii lire reuptake of dopamine, thus serving as potent 
dopamine agonisls (step 1(1 of’Figure 4.4). The best known of these drugs are am¬ 
phetamine, cocaine, and methylphenidaie. Amphetamine has an inleresling effect: 
Il causes die release of both dopamine and uorepinephi ine by causing the trans¬ 
porters foj- tliese neurotransniiuers to run in r everse, pi'ojielling DA anti XF. into the 
synaptic cleft. Of course, this action also blocks l euptake of these nenroiransmittcrs. 
(aicaine and methylphenidate sim[jly bK>ck dopaniiue reui)take. Becanse cocaine 
also blocks voltage-dependent sodium cbainiels, il is sometimes used as a topical 
aneslheiic, esjjeciallv in the rorni of eye drops foi eye surgery. Methylphenidate (Ri¬ 
talin) is used lo treat children with aUeiiiion rleflcii disoi'der. 

The production of the catecholamines is regulated by an en/yme called 
monoaniine oxidase (MAO), rhis en/yme is found wiihin moitoamiuer gic terminal 
buttons, where it destiovs excessive amounts of neuroiransnritter. A drngcalletl de¬ 
prenyl desu’ovs the pariicnlar form of monoamine tjxidase (MAC)-B) that is found 
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Figure 4.9 

The role of monoamine oxidase in dopaminergic terminal buttons and the aaion of deprenyl. 




Deprenyl, an MAO 
inhibitor, blocks the 
destruction of dopamine 


MAO converts 
dopamine to 
an inactive 
substance 


Because of the higher 
concentration of dopamine, 
more dopamine is stored 
in synaptic vesicles 

Inactive 
substance 


Dopamine 


Dopamine is stored 
in synaptic vesicles 


in clopaininei gic terminal buttons. Because cleprejiyl prevents the desu nciirm of 
ciopaniinc, more dopamine is released when an action potential reaches the termi¬ 
nal btiUon. Tims, deprenyl serves as a dopamine agonist. (See Fi^ire4.9J) 

iVLAO is also found in the blood, where it deactivates amines that are present in 
foods such as cluicolaie arid cheese; without such deactivation these amines could 
cause dangerous increases in blood pressure. 

Dopamiue has been implicated as a neuroiransmitter that might he involved in 
schizophrenia, a serious mental disorder whose symptoms include hallucinations, 
delusions, and disruption of normal, logical ihuughi processes. Drugs such as chlor- 
promazine, wliicti block Dc, receptors, alleviate these svmptoms (step 7 of Figure 
4,4). Hence, investigators have speculated that schizophrenia is produced bv over- 
activity of dopaminergic neurons. More recently discovered drugs, such asclozapinCj 
may exert their tlierapeutic effects by blocking receptors. The physit>log>' of schiz¬ 
ophrenia is discussed in Chapter 13. 


Norepinephrine 

Because norepinephrine {NE)j like ACh, is found in neurons in the auionomic 
nervous system, this neurotransmitter lias received much experimental attention. I 
should tiote that the terms Adreuafu} and ^^piuvldiniif are svuniivmous, as are n(mh 
drmalni and norepnitpfninr. Let [ue explain why. Epinephrine is a hormone produced 
by tile adrenal medulla, the central core of the adrenal glands, located just above the 
kidneys. Epinephrine also serves as a neuroiransmitter in the brain, bin it is of mi¬ 
nor importance compared witli norepinephrine. Ad reuaf is Latin for "ttjward kid¬ 
ney." In Greek, one would say tp nephnm ("upon the kidney*’), hence the term 
ipnephrme. The latter term has been adopted by pharmacologists, probably because 
the word Adreuftltn was ap])rupriated by a drug ct>mpany as a [)rDprietary name: 
therefore, iu be consistent witli general usage, I will refer to the neurotransmiiter as 
norrf)irfep/mm\ The accepted acljectival form is fwmdtrnnpr; I suppose that mmfi- 
^/c/;//r/3;^7g7V never caught on because it takes scj long to pronounce. 

We liave already seen the biosynthetic pathway for luirepincphrine iu Figure 
4.S. Tfie drug fusaric acid, which prevents the conversion of dopamine to norepi¬ 
nephrine, blocks the pi’oduction ol’XE. 

.\Iitiost every region of‘ the l>rain receives input inmi noradrenergic neurons. 
The cell bodies of most of these neurons are located in seven regions cTlhe pons and 
medulla and one region of the tlialamus. Tlie cell bodies of the most important no- 
radrejiergic system begin in the locus coeruleas, a nucleus located in the dorsal 


chlorpromazine ikior proh ma 
zeen) A drug that reduces the 
symptoms of schizophrenia by 
blocking dopamine Dj receptors. 

clozapine {khz a peen) A drug 
that reduces the symptoms of 
schizophrenia, apparently by 
blocking dopamme receptors. 

norepinephrine (NE) {nor epp / 
neffrin) One of the cate¬ 
cholamines; a neurotransmitter 
found in the brain and in the sym¬ 
pathetic division of the autonomic 
nervous system. 

epinephrine (epp / neff rin) One 
of the catecholamines: a hormone 
secreted by the adrenal medulla; 
serves also as a neurotransmitter 
in the brain. 

f us ark acid (few sahr ik) A drug 
that inhibits the activity of the en¬ 
zyme dopamine-li-hydroxylase 
and thus blocks the production of 
norepinephrine. 

I locus coerufeus {sur oo lee us) 

A dark-colored group of nora¬ 
drenergic ceil bodies located in 
the pons near the rostral end of 
the floor of the fourth ventricle. 
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axonal varicosity An enlarged 
region along the length of an 
axon that contains synaptic vesi¬ 
cles and releases a neurotransmit- 
ter or neuromodolator 

jdazoxan A drug that blocks 
presynaptic noradrenergic 
ceptors and hence aa$ as an ago¬ 
nist. stimulating the synthesis and 
release of NE. 

serotonin (5-HT) isair a toe ntn) 
An indolarnine neurotransmitter; 
also called S-hydroxytryptamme. 

PCPA A drug that inhibits the ac^ 
tivity of tryptophan hydroxylase 
and thus interferes with the syn¬ 
thesis of 5-HT. 

fluoxetine ifloo ox i feen) A 
drug that inhibits the reuptake of 
S-HT. 

fenfluramine {fert ftuor i ween) 
A drug that stimulates the release 
of S-HT. 

LSD A drug that stimulates 
5-HTj^ receptors. 


Figure 4.10 

Biosynthesis of serotonin 
(5-hydroxytryptamlne, or 5-HT)* 


Tryptophan 




5- hy d roxyt ry ptopha n 
(5-HTP) 



^nzyme 


5-hydroxy t ry ptam i n e 
{5*HT, or serotonin) 


pons. The axons of these neurons project to vvitlespread regions of the brain. As we 
will see in (Ihapier 8, one effect ofaciivatiou of these neui ons is an increase in vigi¬ 
lance—attentiveness to events in the envii oinnent* 

Most neurons lliai release norepinephi iiie do not do so through terminal but¬ 
tons on the ends oi axonal branches. In stead, they usitally release them through ax¬ 
onal varicositieSf beadlike swellings of the axonal branches. These varicosities give 
the axonal blanches of caiecholaniinergic neurons the appearance of beaded 
chains. 

riuTf are several types ofiioraclrenersic receptors, idemifietl by tbeir differing 
sensitivities to various drugs. Actually, these receptors are usually called adrfner^ifi G- 
ceptors rather than tu/mdtynetgirieQeplors, because they are sensitive tt> epinephrine 
(Adrenalin) as well as norepinephrine. Neurons in the central nervous system con¬ 
tain pj- and ^rf^drrnngif recef?tors and a| - and o.,radrenm-gir All four kinds of 

receptors are also found in variotis organs of the body besides the brain and are re¬ 
sponsible for the cTfecis of the catecholamines when they act as hormones outside 
the central nervous system. In the brain all auioreceptors appear to be of the 
t\"pe* The drug idazoxan blocks a., auioreceptors and hence acts as an agonist. All 
adrenergic receptors are metabotropic, coupled to G proteins that control the pro¬ 
duction of second messengers. 


Serotonin 

The third monoamine nenrotransmitten serotonin (also called 5-HT, or 
i>-hvdrf>xvu vptamine), has also received much experimental attention. Its behavic>ral 
effects are complex. Seroiotnn plays a role in the regulation of mood; in the control 
oOadng, sleep, and arousal; and in the regtilalion of pain. Serotonergic neurons are 
involved somehow in the control olTlreaming. 

The precursor for serotonin is the amimi acid tryf}tophfnL An enzyme converts 
tryptophan to 5-NTP (5-hydroxytrypiophan). Another enzyme converts 5-HTP to 
5-HT (serotonin). (See Fi^re4J0.) The drug PCPA (/j-chlorophenylalanine) blocks 
the conversion of trvpiophan to 5-HTP and tlms serves as a serotonergic antagonist. 

The cell bodies of‘ serotonergic neurons are found in nine clusters, most of 
w hich are located in the raphe nuclei of the inidbrain, pons, and medulla. The two 
most important clusters are ibimd in the dorsal and medial l aphe nuclei, and 1 will 
restrict my discussion to tiiese cluster.s. The word mfdir means “seam" or “crease" 
and refers to the fact that most of the raphe nuclei are ftiutul at or near the midliiie 
of the brain stem. Both the dorsal and median raphe nuclei project axons to the 
cerebral cortex. In addition, neurons in the dorsal raphe innervate the basal ganglia, 
and those in the median raphe innervate lire dentate g)Tus, a part of the hi|> 
pocainpal formation. 

Investigators have icleniifled at least nine different types of sert)tonin receptors, 
and pliai inacoiogisis have discovered drugs that serve as agonists or antagotusis fur 
many, olThe types of,5-HT receptors. 

Drugs that inliibit the reupiake of serotonin liave found a very important place 
in tlie treatment of menial disorrlers. The best known of these, fluoxetine (Prozac), 
is used to treat depression, some inrrns of anxiet}^ disorders, and obsessive-compulsive 
disorder* These disorders—and their treat mem—are cli.scussed in Chapters 1,5 and 
lf>. Another drug, fenfluramine, which causes the release of seiolnnin lis well as in¬ 
hibits its reuptake, is used as an appetite sn]>])ressant in the ticatineiU of (jhesity* 
('hapler 12 discusses the tof>ic of'obesity and its control hy means oi drugs. 

Several hallucinogenic drugs appear to ja'oduce iheii ef feels by interacting with 
scrotoiK-rgic iransniission. LSD (lysergic acid dielliylamifle) produces rlisloriions <if 
visual [>eiceplions dial some jieople find awesome anti fascinaiing but that simply 
Irighten otlier people. Tins drug, which is effeciive in extremely small dieses, is a 
direct agonist for postsynaptic 5-HTy,^ receptors in the lore brain* Another drug. 
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MDMA ( nKnliylfiU'dioxyiiKnliatnpheiamiiHO. is htjih a iKa adrcnergic and scniton- 
orgic agonist and has boili exciiatory and [lallncinogenic t'KtTis, Like its rtdativt* am* 
plictaniinc, MDMA (po])ularly called “ecstasy") causes noradienergic ti ansporiers lo 
run backwards, tfiis causing lire release ofNE and inhibiting its reuptake, dhis site 
of action is apparently responsible for the drug's excitatory elTecl. MDMA also causes 
serotonergic transporters to run backwards, and this site of action is apparently re¬ 
sponsible for the drug's halhicinogenir eilecls, L’nldnunately. researcli indicates 
that MDMA can damage serotonergic neurons and cause cognitive deficits. 


Amino Adds 

So lai; all of the neurotransmitiers I have described are synihesi/ed wiihiit neurons: 
acetvleholine from choline, the eaieclnilamines from the amino acid tvrosine, and 

P 4 

serottmin from the amino acitl trvptopban. Some neurons secrete simple amitio 

acids as neunnransmitters. Because amino acids are used for protein synthesis by all 

cells of the brain, it is difficult \o prove that a particular amino acid is a neuroirans- 

mitier. However, investigators suspect that at least eight amino acids may serve as 

neuixUransmiiters in the mammalian central nervous svstem. As we saw in the in- 

<• 

troduclion to this sectiem, three of them are es[?ecially ini[3ortani because ihev are 
the most common Jieurotransmitiers in the CNS: glutamate, gannna-aminobmvric 
acid (CrABA), and glycine. 


Glutamate 

Because glutamate (also called irlittarntr firid) and (jABA are found in vei v sim¬ 
ple organisms, many investigators believe that these neurotransmitters are tlie first 
to have evolved. Besides jnoducing posts)naptic potentials by activating posisyna|i- 
lic receptors, they also have direct excitatory elTects (glutamic acid) and inhibitcjry 
effects {(lABA) on axons; they raise (>r lower the threshold of exeitalion, tints ai- 
fceling tlie rate at which action potentials (>ecur. These direct effects suggest that 
these Hubstanees had a general modulating role even before the evolutionary devel- 
opmetu of specific receptor molecules. 

Cilnlamate is the principal excitatory nenrotransmittei in the brain and spinal 
cord. It is [JitKluccd in abundance bv the cells' melabolie processes. There is no ef¬ 
fective way to prevent its synthesis withoin disrupting other activities of the cell. 

Investigators have disccnered four types of glutamate recejitors. Three oliliese re¬ 
ceptors are ionotropic and are named after the aniilciai ligands that siitinilate them: 
the NMDA receptor, the AMPA receptor, and the kainate receptor* The other gluta- 
male reeejjtor—the metabotropic glutamate receptor —is (obviously! ) melaboiropic. 
Actually, there appear to be at least seven different metabotropic giulamale reeeptfirs* 
but little is kin>wn about their fiuietions except that some ofThem serve as pix^synap- 
lie antoreceptors. The AMPA receptor is tlie most common glniamate reccjjior. It con¬ 
trols a sodium channel, so when glutamate attaches lo the binding site, it produces 
KPSPs, I be kainate receptor, which is stimnlated b) the drug kainic acid, has similar 
effects. 

The NMDA receptor has some s[)ecial—and very important—characteristics. It 
contains at least six different binding sites: fbttr kjcated on the exterioi^ ol the re¬ 
ceptor and twt> located deep within the ion channel. When it is open, tlie ion clian- 
nel controlled by the NMDA receptor permits Ixith sodium ami ealcitmi ions to 
enter the cell. The influx t>f both of these ions causes a dc]3olari/ation. of course, but 
the entrv of calcium is especially important, (-alcium serves as a second mes¬ 

senger, binding with—and activating—various en/.ymes within tlie cell. 1’hese en¬ 
zymes have profound effects on the biochemical and su ticiural prxiperties of the 
cell. As \ve shall see, one importani resnii is alteration in the tharaeteristics of the 
svna[>se that provide one ol the building blocks of a newlv fdrnied niemorv. These 


MDMA A drug that serves as a 
noradrenergic and serotonergic 
agonist, also known as "ecstasy": 
has excitatory and hallucinogenic 
effects. 

gtutamate An amino acid; the 
I most I m po rta nt exc i tatory n eu ro- 
transmliter in the brain 

N M D A re ceptor A specia I i 2 e d 
ionotropic glutamate receptor 
that controls a calcium channel 
that IS normally blocked by 
ions: has several other binding 
sites, 

AMPA receptor An ionotropic 
' glutamate receptor that controls a 
I sodium channel; stimulated by 
AMPA. 

kainate receptor flray in afe) An 
ionotropic glutamate receptor 
that controls a sodium channel; 
stimulated by kainic acid. 

metabotropic glutamate recep¬ 
tor imeh tab a troh pik) A cate¬ 
gory of metabotropic receptors 
that are sensitive to glutamate. 
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Figure 4.11 

A schematic illustration of an NMDA receptor, with its binding sites. 
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efTecis of NMDA receptors will be discussed in much 
more deiail in C'hapter 12. 'Die druf^ APS {2’amimj-5- 
phosphonopeniatioaie) blocks the f^luiamaie binding site 
on the NMDA receptor and impairs synaptic plasticity and 
certain Idrins o[ learning. 

Figure 4 J ! presents a schemalie diagram of an 
NMDA receptor and its binding sites. Obviously, giuta¬ 
male binds vvitli one of tliese sites, or we would not call it 
a glutamate receptor. How'evet; glutamate by itselfcannoi 
open the calcium channel. For that to liappen, a mole¬ 
cule of glycine must be attached to the glycine binding 
site, located on the outside of the receptor. (We do not yet 
understand why glycine—whicl) also serves as an in* 
hibitory iietiroti ansmitter in some parts of the central 
nervous system—is retjuired [di this ion cliaiinei to 
open.) (See 

One ol the six binding sites on the NMDA receptor is 
sensitive to alcoliol. In fact, as we will .see in Cliapter 14, 
researcluTs believe that this binding site is responsible for 
the fiangerous convulsions that can he caused by sudden 
wiilulrawal from heaw, long-term alcohol abuse. Another 
binding site is sensitive to a hallucinogenic <irug, PCF 
<];)hencyclidine, also known as Amgel tlusf’}. serves 
as an indirect antagonist: when it aftaches to its binding site, calcium ions cannot 
pass through the ion channel. PCP is a synthetic drug and is not produced by the 
brain, flms, it is not the natural ligand of the PilV biittling site. \Miat that ligand is 
and what tiselul [imciions it serves are not vet known. 

Several drtigs affect glutamatergic synapses. As ytni already know. NMDA, AMPA, 
and kaitiaie serve as direct agonists at the leceptors named after them. 


AP5 (2-aminO‘5-phosphonopen- 
tanoate) A drug that blocks the 
glutamate binding site on NMDA 
receptors. 

PCP Phencyctidrne, a drug that 
binds with the PCP binding site of 
the NMDA receptor and serves as 
an indirect antagonist. 

GABA An ammo acid; the most 
important inhibitory neurotrans¬ 
mitter in the brain 

atlyigtycine A drug that inhibits 
the activity of GAD and thus 
blocks the synthesis of GABA 

muscimol (mi/sfc : mawf} A d\- 
red agonist for the GABA binding 
Site on the GABA^ receptor. 

bicuculline {by kew kew teen) 

A direct antagonist for the 
GABA binding site on the GABA^ 
receptor 


GABA 

GABA (gamma-amincjbtuvric acid) is prcKluccd from glutamic acid by the action 
of an cn/yme (glutamic acid decarboxylase, or ( iAD) that removes a carboxyl group. 
The drug allyJglycme inactivates GAD and thus jjrevem.s die synthesis of CiABA (step 
2 of Figure 4.4). is an inhibitorv ueiirotransmiiter, and it appears to have a 

widespread disiribittion ihroughout the brain and spinal cord. Two (iABA receptors 
have been identified: CiABA^ and tiABAj^. Tfie GABA^ receptor is ionotropic and 
controls a chloricle channel; the (iABA^^ receptor is metabcuropic and controls a 
potassium channel. 

As you kmm; neurons in the brain are greatly iiUercoiineeied. Without the ac- 
tivilv of inhibitory synapses these interconnections would make the brain unstable. 
Til at is, through excitatorv svnapses neurons would excite their ueiglibors, wlilch 
woultl then excite ///Yvrneighhnrs, which would then excite the originally active neu¬ 
rons, and so on, until most of die neurons in the brain would he firing unconirol- 
lahly. In fact, this event does sometimes occur, and we refer to it as a seiztnr. (Kijikim 
is a neun>logieal disorder characterized by the presence of seizures,) Normally, an 
inhibitory innueuce is supplied hv (>ABA-secieliug neurons, wliit h are present in 
large numbers in die brain. Some invesiigaiors believe that one of the causes of 
epilepsy is an ahnoniialily in the bioehcmisti y of CkABA-secreting neurons or in 
(iABA receptors. 

Like NMDA receptors, GABA^ receptors are ctniiplex; ihev contain at least live 
dif ferent binding sites. The primary binding site is, of course, for GABA. The drug 
miUicimo] (clerivetl f rom the ACdi agonist, mu.scarine) serves as a direct agonist for 
iliis site (step 6 oi Figure 4.4). .Another drug, bicuculline, blocks this CiABA binding 










Neurotransmitters and Neuromodulators 


Picroloxln 
site 


Barbiturate 
{and alcohol?) 
site 


site* serving as a tlirect ania^onisi {stef> 7 of Figure 4.4). 

A sfcotul site <ni tlif (iAIiA^ rere[>tt>r birid.swiih a class (*f‘ 
iranquiii/iitg druj^s called the benzodiazepines, riiese 
drills include dia/.epaiii (Valiuni) and chlniTlia/epoxide 
(Libriuui), whicli are used to reduce anxiety* promote 
sleep* reduce seizure aciiviiv* and produce muscle relax¬ 
ation. The third site binds with barbiturates. The Fourtli 
site binds with various steroids, including some steroids 
used U) prf>diice general anesthesia. Tbe htih site binds 
with picrotoxiu, a p<)isr)n found in an Fast Indian shrub. 

In addiiifni, alcohol hinds with one of iliese sites—pi(>l>- 
ably the benziKlia/epine binding site. (See Figure 2*) 

Barbiuuales, fli ngs that hit id la tlie stei'oid site* and 
benzodiazepines all promote lire aeliviiy of the (iABA^ re¬ 
ceptor; thus, all lliese drugs serve as indireel agonists. 

Tlic benzodiazepines are very effective anxiolytics, or 
‘'anxiety-dissolving'* drugs. Tliey are olleii used Ui treat 
people with anxiety disortleis. In addition, stnne bettzo- 
dia/epines serve as effective slee[i medications, and oth¬ 
ers are tised to treat some t%pes of seiztire distirder. 

In low doses barbtttirates ha\'e a calming effect. In 
progressively higher doses they prodtice difnculiy in walk- — — 
ing and talking, ttnconscif>tisness, coma, and death. Al- 

ihougii veterinarians sometimes use barbiturates to produce anesthesia lor surgery* 
tlie therapeutic index—the ratio between a dose that prfKiuces anesthesia and one 
that causes fatal depression of the respiratory centers of the brain—is small. As a con- 
set] ueiice* these drttgs arc rarely tised bv themselves to produce surgical anesthesia 
in humans. 


Figure 4.12 

A schematic illustration of a GABA^ receptor, with its binding sites. 
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Picrotoxin has effects oppttsite to those of benzodiazepines and barbiuiraies: It 
itthrhils ihe activih^ of the receptor, thus serving as an indirect antagonist. In 

high enougli doses this drug causes convulsions. 

Various steroid hormones are normalIv producefl in the borly, and some hor¬ 
mones related to progesterone (the principal pregnancy hormone) act on the 
steroid binding site of the flABA^ receptor* producing a sedative eileci. H(>wever, the 
bi ain does not produce Valium* barbiturates* or ]jicroioxiii. What are the natural lig¬ 
ands for tliese binding sites? So far* tnost research lias concentrated on the betiztt- 
diazepine binding site. Tlicse binding sites are more complex than the others. They 
can be activated hy drugs sucli as the bcnzftdiazepines, which promote tlie activitv 
of the receptor and thus serve as indirect agonists. They can also he activated bv 
other drugs that have the opposite effect—that inlhhit the aenvitv of the receptor, 
thus serving as indirect antagonists. Prestimably* the brain produces natural ligands 
that act as indirect agonises or aniagf>nists at the benzodiazepine binding site* Imt so 
far* sticii a cheiiiical lias not been idetilifted. 

\Miai about the CiABA^ receptor? This metabotropic rece[jtor, coupled to a (j 
protein* serves as both a postsyiiaptic receptor and a presvnapiic autoreceptor. A 
CiABAjj agonist, baclofeti* serves as a muscle relaxant. Another drug* (XiP 3^^5348* 
serves as an aiuagonisL. The aciivatioit of GAB.Aj^ receptors opens potassium cliait- 
nels* producing hvperpolarizing inhibitory postsyiiaptic potentials. 



The amino acid glycine appears to be the inhibitory neuroiransiniuer in the 
spinal cord and lower portions of the brain. Little is known about its liiosynthetic 
patlnvay; there are several possible routes, btu not enough is known to decitle how' 
neurons prtKliice glycine. The hacieria that cause leianus (lockjaw) release a 


benzodiazepine {b&n zoe dy azz 

a peen) A category of anxiolytic 
drugs: an indirect agonist for the 
GABA^ receptor. 

anxiolytic {angz ee oh tit ik) An 
anxiety-reducing effect. 

glycine {gly seen) An amino 
acid; an important inhibitory neu- 
rotransmitter m the lower brain 
stem and spinal cord. 
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clioniicLil Lliat provenls the release ol glycine (and GABA as well); die removal oflhe 
iiihihina y elTect of these syna[)ses causes muscles to contract coniiiiuoiislw 

Tlie glycine rece[5tor is if)noiro[>it% and it controls a chloride channel. Thus, 
when it isaciive, ii produces inhibitory pt>sLsynaplic potentials. The drug strychnine, 
an alkaloid fotind in the seeds ol the Sfnrhnos Huximmira, a tree found in India, 
serves as a glycine antagonist* Strychnine is very toxic, and even relatively small doses 
cause convulsions and death. No drugs have vet b<‘en found that serve as specific 
glycine agonists. 


i strychnine istrik neen) A direct 
I antagonist for the glycine receptor. 

endogenous opioid (err dodge 
en us oh pee oyd) A class of pep* 
tides secreted by the brain that 
act as opiates. 

enkephalin (en keffs Hn) One 
of the endogenous opioids. 

I naloxone (na iox own) A drug 
that blocks opiate receptors. 


Peptides 

Recent studies have discovered that the neurons of the central nervous svstem re- 

•• 

lease a large variety ol peptides* Peplides consist of two or moi c^ amino acids linked 
togellier by peptide bonds. All tlie peptides tliat have been suidied so far are pro¬ 
duced from precui'sor molecules. These [>recursors are large polypeptides that are 
broken into pieces by special en/ymes, A neuron rnanulaciures both the polype|> 
tides and the enzymes that it needs to break them apart in lire right place*s. Tire ap¬ 
propriate sections are retained, aird the tuber ones are desti'oyed* Because the 
synthesis cjf peptide.s takes place in the soma, vesicles eon tain ing these chemicals 
tnrrst he delivered to the leraninal buttons by axoplasmic transport. 

Peptides are released from all par ts of the lerutirral bniion, not just fr om the ac¬ 
tive /oire; thus, onlv a j^ortion of lire molecules are released into the svnajriic cleft. 
The I’csi ]>resumably aci on rece]>iors belonging to other cells in lire vidniiy. Orree 
released, peptides are destroyed by en/ymes. flrere is no mechanism for reuptake 
and l ecvcliug of peptides. 

Se\eral diffei eirt peptides are released by neur oirs* .AJilrough most peptides a|> 
pear to ser ve as neuronnKlirlaUn s, some act as neurotransrrriucrs* Orre of the best 
known iamilies o[‘peptides is the endogenom opioids* {lifufogf'noiLMnvdns "produced 
h’onr within"; opiojfl means "like opium,") Sever^al years ago it became clear’ that 
ates (drugs such as opium, nrorpliirre, and heroin) reduce pain because thev have 
dir ect effects on die brain. (Please note that the term opiohl refers to endogenous 
chemicals, and to drrrgs.) Pert, Snowman, and Snvder (1974) discover ed 

that rreirroris in a localized region of the brain contain specialized receptors that r e¬ 
spond to opiates. Then, .soorr after ihe discovery oi'the opiate receptor, other neu- 
roscicmists discovered the natural ligands for these receptors (Teretiius and 
Wahlstrom, 1975: 1 lugUes ei ah, 1975), which they called enkephalins ([roiu the 
Cireek word fft/tephalos, "in ilie head"). We now know that tire errkepiialins are only 
two inenrbeis oi a lanrrly of eiulugenous opioids, all of vvhicii are syrrihesi/.ed from 
one ol thr ee large peptides that serve as pr ecursors. In addiirori, we know that ther e 
are at least three different types of opiate receptors: [i (mu), 5 (dt4ta),;md K (kapjxi). 

Several different neural systems are activated when opiate receptors are siiniu- 
lated. One t\pe produces analgesia, another inhibits speciesrU pical defensive re.spoiises 
such as llecing anti Irrding, and another siimulates a sy.stem of neurons invt^lved in r e¬ 
inforcement ("reward"), Vhe last elTect explains wliy opiates are ohen abuseti. hhe .sit¬ 
uations that cause neurous to secr ete endogenous tjjiioids are discussed in Ghapter 7, 
and the bi’ain mechanisms of opiate addiciion are discusseil in (chapter’ 1(3. 

So far, pharmacologists I rave devekiped only two types of drugs that affect ireur al 
comniunicatiun by means of opioids: tJireci agonists and antagonists. Many syntlretic 
opiates, including lieroin (drhyth omoi phinc) and Percudan (lcvt>rphanol), liave 
beerr developed anti ar e trsed elinically as atralgesics (step fi t>f Figure 4.4). Several opi¬ 
ate receptons lilockers liave also been developed (step 7 of Figure 4.4). One of them, 
naloxone, is used clinically to r’everse opiate intoxicairon. This dr ug has saved the 
lives of many drug abuser’s who would otherwise have filed of an ovei’dtise of hei orn. 

Several pt‘ptide hormones are also found in the brain, where thev serve as neu- 
roinuduhuors. In some cases the peripheral and central ]>eptides perform j’elaiefl 
lunciions* For example, outside the nervous svstem the ht)nnone angifUensrn acts 
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Figure 4.13 


directly on the kidneys mid biootf vessels lu pixiduce effects 
dial lielp llie l>ody tope vvitli die loss ol'lliiicL and inside the 
nervous sysiein ctrenils of neurons that use angiotensin as a 
nenroli ansnutler perforin similar functions, including tile 
ac tivation of neural circuits that produce thirst. 

Many peptides produced in the brain liave interesting 
behavioral effecis, which will be discussed in subsequent 
chapters. 

Lipids 

Various sninstances derived from lipids can seiTe to ti ansniil 
messages widiin or between cells. At least two of them appear 
to be canna bin Olds—natural ligands for die receptors dial 
are responsible for the plivsiological clfecis of the active in¬ 
gredient in marijuana. Maisiida et al. {Id9()) discovered that 
I’HC' (tetrahvdrocannihiuab the active ingredient of mari¬ 
juana) stimulates eannabiiuiid receptors Iticaied in specific 
regions of the brain. (See Figi4re4J3.) 

THC. produces analgesia and sedatioiu stinudates ap¬ 
petite, reduces nausea caused bv drugs used to treat cancer, 
relieves asthma attacks, decreases pressure within die eves in 

patients with glaucoma, and reduces ihe symptoms ol certain motor disorders. On 
llie other hand, TIK - interferes wiiii concentration and memorv, alters visual and 
auditory perception, and distorts perceptions of the passage of time (Kuiios and 
Ikukai, 2001). Devane ei al. (1092) discovered the first natural ligand Jbr the TI K’ 
receptor: a lipidlike substance that they uametl anandamide, from the Sanskrit word 
attatida, or "l)tiss." Anandamide seems to he synthesized on deniand; that is. it is pro 
duced and released as it is needed and is not stored in synaptic vesicles. 

Another of the effects of THC- is interference witli the functioning of 5-HT,^ re¬ 
ceptors. As we saw earlier, these recepttu s are involved in vomiting; ifiiis* THV serves 
as an anlienieiic {aiuivomiling) drug, Pride and Meclumlam (199b) discovered that 
the behavioral effects ofTHC^ were not seen in young mice, which suggested that the 
immalure brain lacked at least some of the neural mechanisms res[K)nsible for these 
effects. On the basis of this observation, they tried using TUC to control the uau.sea 
and vomiting caused by cite mot herapy for cancer in young children (Abiahamov et 
al., 1995). The drug successfully l)locked the side effects t>f the chemotherapy with- 
oui producing the psychoii opic effects that THCl produces in adults. In fact, the in¬ 
vestigators were able uj administer very high doses of THC that adults would not 
have been able to tolerate. 


An autoradiogram of a sagittal section of a rat brain that has 
been incubated in a solution containing a radioaaive ligand 
for THC receptors. The receptors are indicated by dark areas. 
(Autoradiography is described In Chapter 5.) (6r St = brain 
stem, Cer =: cerebellum, CP = caudate nucleus/putamen, Cx = 
cortex, EP = entopeduncular nucleus, GP = globus pallidus, 
Hipp = hippocampus. SNr = substantia nigra.) 



Courtesy of Miles Herkenham, National Institute of Mental Health, 
Belhesda. MD 


Nucleosides 

A nucleoside is a compound that consists of a sugar molecule bound with a puiine 
or pyrimidine base. One ofTliese compounds, adenosine (a combination of ribose 
and adenine), serves as a neuromoduhitor in the brain. 

Adenosine is known to be released, apparently by glial cells as well as neurons, 
when cells are short of fuel or oxygen. The release of adenosine activates receptors 
on nearby l)UK)d vessels and causes them to dilate, increasing the How of blood and 
lielping bring more ol' the needed substances to the region. Adenosine also acts as 
a neuromodnlatnr, tbn>ugh its action on at least three different types of adenexsine 
receptors. Adenosine recej^tors are coupled to G proteins, and theii effect is to open 
potassium channels, pnKlncing inhibitory posisynapiic potentials. Because adeno¬ 
sine is present in all cells, investigators have nut yet succeeded in distinguishing neu¬ 
rons iliai release this chemical as a neuromodnlaion Thus, circuits of adenosinergic 
neurons have not vet been idemilled. 


cannabinoid (can ot in oidj A 
] lipid; an endogenous ligand for 
receptors that bmd with THC, the 
active ingredient of marijuana. 

anandamide (a nan da mlde) 

The first cannabinoid to be discov¬ 
ered and probably the most im¬ 
portant one, 

adenosine (a den oh seen) A 
nucleoside; a combination of ri¬ 
bose and adenine: serves as a 
, neuromodulator in the brain. 
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caffeine A drug that blocks 
adenosine receptors. 

nitric oxide (NO) A gas pro¬ 
duced by cells in the nervous sys¬ 
tem; used as a means of 
communication between cells. 

nitric oxide synthase The en¬ 
zyme responsible for the produc¬ 
tion of nitric oxide. 


liecatise adenosine jeceplors suppress tiettral aetivky, adenosine and uilier 
adenosine receptor aj^onists have generally iuhilntory effeels on txdiavior. In lacu as 
we will see in C'haplei H, some invt^sti^aiors believe that adenosine recepims may he 
involved in llie control ofslcep. A very conutnni dru^i caffeine, blocks adenosiiK' re- 
ce] 5 lors (step 7 of Figure 4.4) and hence produces excilatoi y effects. C'affeine is a 
f>itlei-tasting afkaloid found in coffee, lea, eocrja f>eans, and f>tber plants. \n much 
of tlie world a majority of tlie adult population invests caffeitie every day—fortu- 
nalelvv without ap]>areni liann. 


Soluble Gases 

Recently, investigatois fiave discovered that neurons use at least two simple, solufke 
j^ases—nitric oxide atifi carbon rnoiKtxide—to crnnmunicate with one another. One oi‘ 
iliese, nitric oxide (NO), has received the most attenlion. Nitric Cixide (not to fx' con¬ 
fused with nitrons oxide, or lau^liin^ j^as) is a s< tin hie gas that is prodticed by the ae- 

iivit>' of an en/vme found in certain neurons. Re.searchers liave found tliat NO is used 

■> ^ 

as a mes-seiiger in many parts of tlie body; for example. It is involved in tltc control of 
llie muscles in the wall of tfte intestines, it dilates blood vessels in regions of tlie brain 
that Ix'comc metabolically active, and it siimnlaies the changes in blood vessels that pn>- 
duce penile ereelioiis ((ailotta and Koshiand, 1992). As we will see in Ohapter 12, it may 
also play a role in die establishment of neural clianges tliat are produced bv learning. 

All of tlie neurotransmitlers and iictironiodulaUHs di.scussed so far {with ifie ex¬ 
ception ()( anandaniide and perhajis adenosine) are stored In svnapiic vesicles arid re¬ 
leased by terminal fjutions. Nitric oxide is produced in several reg!t)ns of a nei ve 
cell—itichiding denilritc^s—anti is released as soon a.s it isproducetl. More accurately, 
it diffuses out of tlie cell as soon as it is produced. It dtics not activate membrane- 
lx)und receptors but enters iieigliboring cells, ivhere ji activates an en/vme responsi¬ 
ble for the produciiou of a second messenger, cyclic CiMP. Witliin a few seconds of 
being produced, nitric oxitle is convenetl into fiiologically inactive compounds. 

Nitric oxide is jiroduceti f rom arginine, an aniint> acid, by the activation of an 
enzyme known as nitric oxide synthase* Tliis enzyme can be inaciKatetl (step 2 of Fig¬ 
ure 4.4) liy a drug called l -NAME (iiitro-L-arginine methyl ester). 


INTERIM SUMMARY 


Neurotransmitters and Neuromodulators 

The nervous system contains a variety of neurotransmitters, each of which interacts with a 
specialized receptor. Those that have received the most study are acetylcholine and the 
monoamines: dopamine, norepinephrine, and S-hydroxytryptamine (serotonin). The syn¬ 
thesis of these neurotransmitters is controlled by a series of enzymes. Several amino acids 
also serve as neurotransmitters, the most important of which are glutamate (glutamic acid), 
GABA, and glycine. Glutamate serves as an excitatory neurotransmitter; the others serve as 
inhibitory neurotransmitters. 

Peptide neurotransmitters consist of chains of amino acids. Like proteins, peptides are 
synthesized at the ribosomes according to sequences coded for by the chromosomes. The 
best-known class of peptides in the nervous system includes the endogenous opioids, whose 
effects are mimicked by drugs such as opium and heroin. One lipid appears to serve as a 
chemical messenger: anandamide, the endogenous ligand for the THC (marijuana) receptor. 
Adenosine, a nucleoside that has inhibitory effects on synaptic transmission, is released by 
neurons and glial cells in the brain. In addition, two soluble gases—nitric oxide and carbon 
monoxide—can diffuse out of the cell in which they are produced and trigger the produc¬ 
tion of a second messenger in adjacent cells. 

This chapter has mentioned many drugs and their effects. They are summarized for your 
convenience in Table 
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Table 4.3 


r 

i> 

Drugs Mentioned in This Chapter 

1 

N eurotra n sm itter 

Name of Drug 

Effect of Drug 

Effect on Synaptic 
Transmission 

Acetylcholine (ACh) 

Botulinum toxin 

Block release of ACh 

Antagonist 


Black widow spider venom 

Stimulate release of ACh 

Agonist 


Nicotine 

Stimulate nicotinic receptors 

Agonist 


Curare 

Block nicotinic receptors 

Antagonist 


Muscarine 

Stimulate mLiscarinic receptors 

Agonist 


Atropine 

Block muscarinic receptors 

Antagonist 


Neostigmine 

Inhibit acetylcholinestel ase 

Agonist 

Dopamine (DA) 

t.-DOPA 

Facilitate synthesis of DA 

Agon ist 


AMPT 

Inhibit synthesis of DA 

Antagonist 


Rcserpilie 

Inhibit storage of DA in sviiaptic %"esicles 

Antagonist 


Chlorpromazine 

Block receptors 

Antagonist 


Clozapine 

Block D^ receptors 

Antiigonist 


Cociiiiie> methylphenidate 

Block DA reuptakc 

Agonist 


Amphetantine 

Stimulate release of DA 

Agonist 


Deprenyl 

Block MAOB 

Agonist 

Norepinephrine (NE) 

Fusaric acid 

Inhibit synthesis of NE 

Antagonist 


Reserpine 

Inhibit storage of NE in synaptic vesicles 

Antagonist 


Idazoxan 

Block 0,2 auto receptors 

Agonist 


Desipramine 

Inhibit reuptake of NE 

Agonist 


MDMA, amphetamine 

Stimulate release of NE 

Agonist 

Serotonin (5-HT) 

PCPA 

Inhibit synthesis of .>HT 

Ajuagonist 


Reserpine 

Inhibit storage of 5-HT in s)'naptic vesicles 

Anuigonisi 


Fenfluramine 

Stimulate release of 5-HT 

Agonist 


Fluoxetine 

Inhibit reupiake of 5-HT 

Agonist 


LSD 

Stimulate 5-HT2^ receptors 

Agonist 


MDMA 

Stimulate release of 5-HT 

Agonist 

Glutamate 

AM PA 

Stimulate AMPA receptor 

Agonist 


Kainic acid 

Stimulate kainate receptor 

Agonist 


NMDA 

Stimulate NMDA receptor 

Agonist 


AP5 

Block NMDA receptor 

Antagonist 

C;.\BA 

Allylglycine 

Inhibit synthesis of GAB.4 

Antagonist 


Muscimol 

Stimulate GABA^ receptors 

Agonist 


Bicuculline 

Block GABA^ receptors 

Antagonist 


Be nzod i azepi ne s 

Serve as indirect G/\BA^^ agonist 

Agonist 

Glycine 

fa 

Strychnine 

Block glycine receptors 

Antagonist 

Opioids 

Opiates (morphine, heroin » etc.) 

Stimulate opiate receptors 

Agonist 


Naloxone 

Block opiate receptors 

.Antagonist 

Adenosine 

CafTTeine 

Block adenosine receptors 

Antagonist 

Nitric oxide (NO) 

l-NAME 

Inhibit syn thesis of NO 

/\niagonist 
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EPILOGUE 


Helpful Hints from a Tragedy 


The discovery that MPTP damages the 
brain and causes the symptoms of 
Parkinson's disease galvani^ed re¬ 
searchers interested in the disease. (I 
recently checked PubMed, a web site 
maintained by the U.S, National Insti¬ 
tutes of Health, and found that 3,067 
scientific publications referred to MPTPO 
The first step was to find out whether 
the drug would have the same effect in 
laboratory animals so that the details of 
the process could be studied* it did; 
Langston et al, (1984) found that injec¬ 
tions of MPTP produced parkinsonian 
symptoms in squirrel monkeys and that 
these symptoms could be reduced by 
l-DOPA therapy. And just as the investi¬ 
gators had hoped, examination of the 
animals' brains showed a selective loss 
of dopamine-secreting neurons in the 
substantia nigra. 

It turns out that MPTP itself does not 
cause neural damage; instead, the drug 
is converted by an enzyme present in 
glial cells into another substance, MPP*. 
That chemical is taken up by dopamine- 


secreting neurons, by means of the re- 
uptake mechanism that normally re¬ 
trieves dopamine that is released by ter¬ 
minal buttons. MPP+ accumulates in 
mitochondria in these cells and blocks 
their ability to metabolize nutrients, 
thus killing the cells {Maret et aL, 1990). 
The enzyme that converts MPTP into 
MPP* is none other than monoamine 
oxidase (MAO), which, as you now 
know, is responsible for deactivating ex¬ 
cess amounts of monoamines present in 
terminal buttons. Because pharmacolo¬ 
gists had already developed MAO in¬ 
hibitors, Langston and his colleagues de¬ 
cided to see whether one of these drugs 
(pargyline) would protect squirrel mon¬ 
keys from the toxic effects of MPTP by 
preventing its conversion into MPP+ 
(Langston et aI., 1984). It worked; when 
MAO was inhibited by pargyline, MPTP 
injeaions had no effects. 

These results made researchers won¬ 
der whether MAO inhibitors might pos¬ 
sibly protect against the degeneration 
of dopamine-secreting neurons in pa¬ 


tients with Parkinson's disease. No one 
thought that Parkinson's disease was 
caused by MPP+, but perhaps some 
other toxins were involved* Epidemiolo¬ 
gists have found that Parkinson's disease 
is more common in highly industrialized 
countries, which suggests that environ¬ 
mental toxins produced in these soci¬ 
eties may be responsible for the brain 
damage (Tanner, 1989; Veldman et aL, 

1998), Fortunately, several MAO in¬ 
hibitors have been tested and approved 
for use in humans* One of them, de¬ 
prenyl, was tested and appeared to slow 
down the progression of neurological 
symptoms (Jetrud and Langston, 1989). 

As a result of this study, many neu¬ 
rologists are now treating their Parkin¬ 
son's patients with deprenyl, especially 
during the early stages of the disease. 
More recent studies found that deprenyl 
does not protect dopaminergic neurons 
indefinitely {Shoulson et aL, 2002), but 
researchers are trying to develop other 
drugs with more sustained n euro protec¬ 
tive effects. 


r key concepts ^ 


PRINCIPLES OF PSYCHOPHARMACOLOGY 

1. Phannacokiiunics is ihe process by whicli drugs arc 
absorbed, dlstJ’ihuicd vviihin ihe body; ineiabolizcd, 
and excreted. 

2. Drugs can aci at se\ eral dilferent sites and liave several 
difTereui ellecis. Lhe efltxTiveiiess of a drug is die mag¬ 
nitude ol die etTects oi a given quantity oj tlie drug. 

'b A drug's llierapeutic index is its margin orsaletv: the 
tlifTereuee Ixuween an ciTective dose and a dfjse that 
produces toxic side el fects, 

4. Wlien a drug is administered repeaiedly; il often pro¬ 
duces tolerance, anti vvitlidrawal effecis often occur 
when the drug is discontinued* Sometimes, repealed 
administration of a drug causes sen.siii/aLion. 

3* Researcbers must control fur [>lacel)u effects in both 
lunnans and lafxjratorv animals. 


PHARMACOLOGY OF SYNAPSES 

Each of ihe sie])s involved in synaptic iransmissicjii 
can be interfered wiili by drugs, and some can be fa¬ 
cilitated* The.se steps include svniliesis of the nenro- 
vransmiliei; storage in synaptic vesicles, release, 
activation of p^isisynapiic and presvnapde receptors, 
and lerin illation of post synaptic fjotenilals tli rough 
re up take or enzymatic deactivation. 


NEUROTRANSMITTERS AND 
NEUROMODULATORS 


7. Neurons use a varietv of chemicals as iietirotrarrsmii- 


lers, including aceiylcfioline, the monoamines 
(dopamine, norepitiephrine, and 5-1 IT), the amino 
acids (giltlamie acid, CiABA, and glycine), various 
]>eptkles, lipids, micTeosides, and stihible gases. 
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r SUGGESTED WEB SITES 1 


Animaiians: How Drugs Work 

www*pbs.org/wnet/closetohonne/sclence/html/animations*htm! 

This site provides a series fd ccjUji aniiuations liiai illustraie 
ihe aciicai of drugs sucli as alcohol, opiates^ and nicaine on 
synaptic finiciion. 


Internet Mental Health 
www.mentalhealthxom 


rhissiie is a general resource that provides links tcy sites deal¬ 
ing with ctannion mental disorders and \\w drugs that are 
list'd to treat menial disortlers. 


Drugs Tliat Alter Anxiety 

http://sa imon, psy.pfy m,ac uk/y ea r2/anxiety. htm 

I his site jjrovides student access to a com]yieliensive set of 
materials relating to the study ol anxiety ami the <lrugs dial 
are used to treat anxietv. 


Pharmacology' Information Netw'ork 
http :/fp h a rm i nf o. co m/ 


riiis site is a general rescuirce site providing access to a daia- 
base on comnum drugs. 


Psychopharmocologv' Resources 
www.psychwatch.com/psychopharm_page.htm 

Links to sites dealing with the topic of ]jsyclui[>harmaco|ogy' 
arc providcfl hv this site. 

Classroom Psy'chopharmacology 
WWW. u n I . ed u/tc we b/p ha r m/cpp, sta rt. ht m I 

This siie Idcuses on the topic of cirugs diat are used to treat 
children for [uoldems within the classrooiiu The site fU’o- 
vhles an overview of sy tiaplic funciicm, of comliticuis that are 
treated bv tlrugs, and of the drugs that are most coiiiinonly 
usefl for children. 


The Search for Novel Antipsycho lie Drugs 
http://sa Imon.psy.plym.acuk/year2/schizo1 .htm 

This site provides suuleiit acc('ss U) a coniprehensive set of 
materials relating to die pharmacology'ot schi/ttphi enia. 
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LEARNING OBJECTIVES 


Methods and Strategies 
of Research i- 




■ Experimentat Ablation 

Evaluating the Behavioral 
Effeas of Brain Damage 

Producing Brain Lesions 

Stereotaxic Surgery 

Histological Methods 

Tracing Neural Connections 

Study of the Living Human 
Brain 

INTERIM SUMMARY 

■ Recording and 
Stimulatirtg Neural 
Activity 

Recording Neural Activity 

Recording the Brain's 
Metabolic and Synaptic 
Activity 

Measuring the Brain's 
Secretions 

Stimulating Neural Activity 

Behavioral Effects of Electrical 
Brain Stimulation 

INTERIM SUMMARY 

■ Neurochemical 
Methods 

Finding Neurons That Produce 
Particular Neurochemicals 

Localliing Particular Receptors 

INTERIM SUMMARY 

■ Genetic Methods 

Twin Studies 
Adoption Studies 
Targeted Mutations 

INTERIM SUMMARY 


1. Discuss the research method of experimental ablation: the rationale, the 
evaluation of behavioral effects resulting from brain damage, and the production 
of brain lesions* 

2. Describe stereotaxic surgery* 

3 . Describe research methods for preserving, sectioning, and staining the brain and 
for studying its parts and interconnections* 

4 . Describe research methods for tracing efferent and afferent axons and for 
studying the living human brain* 

5 . Describe how the neural activity of the brain is measured and recorded, both 
electrically and chemically* 

6. Describe how neural activity in the brain is stimulated, both electrically and 
chemically, 

7 . Describe research methods for locating particular neurochemicals, the neurons 
that produce them, and the receptors that respond to them, 

8. Discuss research techniques to identify genetic factors that may affect the 
development of the nervous system and influence behavior. 












PROLOGUE 


Heart Repaired, Brain Damaged 


All her life, Mrs. H. had been active. She 
had never been particularly athletic, but 
she and her husband often went hiking 
and camping with their children when 
they were young, and they continued to 
hike and go for bicycle rides after their 
children left home. Her husband died 
when she was 60, and even though she 
no longer rode her bicycle, she enjoyed 
gardening and walking around the 
neighborhood with her friends. 

A few years later, Mrs. H. was dig¬ 
ging in her garden when a sudden pain 
gripped her chest. She felt as if a hand 
were squeezing her heart. She gasped 
and dropped her spade. The pain crept 
toward her left shoulder and then trav¬ 
eled down her left arm. The sensation 
was terrifying; she was sure that she was 
having a heart attack and was going to 
die, But after a few minutes the pain 
melted away, and she walked slowly 
back to her house. 

Her physician examined her and per¬ 
formed some tests and later told her 
that she had not had a heart attack. Her 
pain was that of angina pectoris, caused 
by Insufficient flow of blood to the 
heart. Some of her coronary arteries 
had become partially obstructed with 
ath erosc I e roti c p I aq ue—ch o I estero I - 
containing deposits on the walls of the 
blood vessels. Her efforts in her garden 
had increased her heart rate, and as a 
consequence, the metabolic activity of 


her heart muscle had also increased. Her 
clogged coronary arteries simply could 
not keep up with the demand, and the 
accumulation of metabolic by-products 
caused intense pain. Her physician cau¬ 
tioned her to avoid unnecessary exer¬ 
tion and prescribed nitroglycerine 
tablets to place under her tongue if an¬ 
other attack occurred. 

Mrs. H. stopped working in her gar¬ 
den but continued to walk around the 
neighborhood with her friends. Then 
one evening, while climbing the stairs to 
get ready for bed, she felt another at¬ 
tack grip her heart. With difficulty, she 
made her way to her bathroom cabinet, 
where she found her nitroglycerine 
tablets. Fumbling with the childproof 
cap, she extracted a tablet and placed it 
under her tongue. As the tablet dis¬ 
solved and the nitroglycerine entered 
her bloodstream, she felt the tightness 
in her chest loosen, and she stumbled to 
her bed. 

Over the next year the frequency 
and intensity of Mrs. H/s attacks in¬ 
creased. Finally, the specialist to whom 
the physician had referred her, recom¬ 
mended that she consider having a coro¬ 
nary artery bypass performed. She read¬ 
ily agreed. The surgeon, Dr. G„ replaced 
two of her coronary arteries with sec¬ 
tions of vein that he had removed from 
her leg. During the procedure, an artifi¬ 
cial heart took over the pumping of her 


blood so that the surgeon could cut out 
the diseased section of the arteries and 
delicately sew in the replacements. 

Several days later, Dr. 6. visited Mrs. 
H, in her hospital room, "How are you 
feeling, Mrs. H?" 

"Tm feeling fine," she said, "but Tm 
having trouble with my vision. Every¬ 
thing looks so confusing, and I feet dis¬ 
oriented, I can't _ " 

"Don't worry," he cut in, "It's normal 
to feel confused after such serious 
surgery. Your tests look fine, and we 
don't expect a recurrence of your 
angina. You should be good for many 
years!" He flashed a broad smile at her 
and left the room. 

But Mrs. H/s visual problems and her 
confusion did not get better. Although 
the surgeon's notes indicated a success¬ 
ful outcome, her family physician saw 
that something was wrong and asked Dr 
J., a neuropsychologist to evaluate her 
Dr J.'s report confirmed the physician's 
fears: Mrs. H. had Balints syndrome. She 
could still see, but she could not control 
her eye movements. The world confused 
her because she saw only fleeting, frag¬ 
mentary images. She could no longer 
read, and she could no longer locate and 
grasp objects in front of her. In short, her 
vision was almost useless. Her heart was 
fine, but she would henceforth have to 
live in a nursing home, where others 
could care for her. 


S luciy fit ihv pliysiolo^^ ori>cliLivi<u involves the efforts of seienlisls in inaiiv clis- 
t’i[}lines, incliitling jiliysiolog^^ neiiroanaif>my, biiK’heinistry, psycholog\\ en- 
docrinolog); and histolfjg). Pursuing ii research projeci in iH^havioral 
neun^science requires competence in many experinieniai lecliniqiies. Because dit- 
fereni procedures often produce contradictory results, investigators must he famil¬ 
iar with the advantages and linntatif)ns of‘ ilie methods they employ. Scieniinc 
investigation emails a proces^s of asking questions ofnatm e. The nietlmd that is used 
frames the quesiion. Of ten we receive a f>u//ling answer, t>nly lo reali/e later that we 
were tiot askii^g tlve question we tliotiglit we were. As we will see, tlie hest conclusions 
ahrmt the physiolog)' of behavior are made not by any single exj^erimeni, hut by a 
program of r(^search that enables us to compare the restilts of studies that approach 
the problem with dilTerent methods. 

All enormous—aud bewildering—array of research methods is available to the 
investigator. Ml merely presented a catalog of them Ji would not be surprising if you 
got lost—or simply lost interest, hi stead, I will pre.sem only the m<ist iniportant and 
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CHAPTER 5: Methods and Strategies of Research 


www.ablongmanxom/car1son6e 


commonly n.sed procedures* organi/ed artumd a tew pioblems that researchers liave 
studied. 'J'his way* ll should be easier to see llie types ot’inforiuaiiun providect bv var¬ 
ious research methods and iu understand tlieii advantages and disadvantages. It will 
also permit me to describe the strategies that researchers cnipkw as they follow iij: 
the results of one experiment by designing and exeeniing another one. 


r Experimental Ablation 


experimental ablation The re- 

moval or destruction of a portion 
of the brain of a laboratory ani¬ 
mal: pfesumably, the funaions 
that can no longer be performed 
are the ones the region previously 
controlled 

lesion study A synonym for ex¬ 
perimental ablation. 

exdtotoxic lesion {ek sigh row 
tok sik) A brain lesion produced 
by intracerebral injection of an ex¬ 
citatory amino acid, such as kainic 
acid. 


One o( the most impuriatU research methods used to investigate brain functions in¬ 
volves <lest roving part of the brain aivd evaluating the animal's siibseqiient beha^'io^, 
This method is called experimental ablation (from the Latin word ah/at us, a ‘'carjy- 
ing away'"). In most cases experimental ablation does not involve the removal ol 
brain tissue; instead* the researcher destroys some tissue and leaves it in place. Ex¬ 
perimental ablation is llie oldest inetlux! used in neuroscience, and it remains one 
of the must irnportanl ones today* 


Evaluating the Behavioral Effects 
of Brain Damage 


A Irsiou is a wound or injury, and a researcher who destroys part of die brain irsuallv 
refers to the damage as a hruht Ifsio?}. Experiments in which part of the brain is dam¬ 
aged and the animal's behavior is snhseqnently observed are called lesion studies* 
The rationale for lesion studies is that the f unction of an area of the brain can be in¬ 
ferred from the behavirirs that the animal can no longer jieribrm after the area is 
damaged. For example, if, after part of the brain is destroyed* an animal can no 
longer perform tasks that require vision, we can conclude that the ani[nal is blind— 
and that the damaged area plays some lole in vision. 

We must be vei v careful in interpreting the effects of brain lesions. For exam¬ 
ple* how' do we ascertain that the lesioned animal is blind? Does it bump into objects, 
or fail to run through a maze toward a light that signals the location of food, or no 
longer constrict its pupils to light? An animal could bump into objects because of 
deficits in motor coordination, it could liave lost its appetite for food (and thus its 
motivation to run ilirongh the maze), or it could see quite well hni could ha\e lost 
its visual reflexes. Researchers can ofien be fooled. Years ago they thought that the 
albino rat w'as blind. {It isn't,) Think about it: How^ would you test wheilier a rat can 
see? Remember that rats have vibrissae (whiskers) that can be used to delect a wall 
before bumping into it or the edge of a table before walking oH it. They can also find 
their way around a room by following odor trails. 

Just w’bai can w e learn from lesion studies? Our goal is to discover w hat functions 
are performed ]>v differeiu regions of the brain and ilien to understand how tliese 
functions are combined to accomplish particular behaviors. The distinction between 
iuaift Junrihn an<l Mtuvior is an iniporunit one. Circuits witliin tire brain perform 
fund ions, not behaviors* No one brain region or neural circuit is solely responsible 
for a behavior; each region perfbrEiis a functitni (or set of functions) tlial contributes 
to performance of the behavior. For example, the act of reading involves fnnetions 
reqnirefi foi contiollingcyc tnovemciUs, focusing the lens of the eye, perceiving anti 
recognizing words and letters, cumpi'eliending the meaning of the words* and so tm. 
Some of these functions also participate in other beliavH>rs; for cxam[ile, cunlrolling 
eve movement and focusing are required for any task that involves looking, and 
brain mechanisms used for comprehending the meanings ofwords also participate 
in comprehending speech. The researcher’s task is lo understand the functions that 
are l equired for perforniinga particular behavTu' and to determine what circuits of 
nenrons in the brain arc [espunsiblc fur each of these funciions* 
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Producing Brain Lesions 


Figure 5.1 


* ' . s " V 




How do wv produce biain lesious? Ii is easy to destroy jxirts ol the 
brain irnmedlately beneath tlie skull: we anesilieti/e the animal, cm 
open iLh scalp, remove pail of its skulk and cm tlirough tlie dura 
maiei; bringing the cortex into view. Then \vv can use a suciion de¬ 
vice to aspirate llie brain tissue. To accomplish this tissue removal, we 
place a glass pipette on the surface of the bi ain and suck away brain 
tissue with a vacuum pump attached to the pipette. 

More often, w'e want to destroy regions that are hidrlen away in 
liie de]3thsof the brain. Brain lesions of subcortical regions (reghrns 
located beneath the cortex) are nsnallv produced by passing electri¬ 
cal current ilirotigh a stainless steel wire that is caxited witli an insu¬ 
lating varnish except for the verv lip. We guiile the wire sieieotaxically 
so llial its end reaehes tlie appropriate location, (Stereotaxic surgery 
is described in tlie next snl>sectiun.) Then wc turn on a lesion-making 
device, which produces radio frequency (RF) current—alternating 
current of a very higli frequency. The passage of the current through 
the brain tissue produces beat tliat kills cells in the region surround¬ 
ing the lip of the electrode. {See Figure 5./.) 

Lesions produced by these means destroy everyibing in the vicin- 
ilv of die electrode lip. including neiirai cell bodies and ilie axons of 
neurons ill at pass tlirough the region. A mure selective method of 
prodttcing braii^ lesions employs an excitatory amino acid such as 
hfiinfc andt wltich kills neurons by stimulating them to death. (As we 
sa^v ill ("liaptei‘ 4. kainic acid stimulates glutamate receptors.) l.e- 
sions produced ibis wav are referred io as excitotoxic lesions. When 
an excitatory amino acid is injectefi through a cannula into a region 
of the brain, the chemical destroys neural cell bodies in the viciniiv 

•H 4 

bill spares axons that belong lo difkerem neurons that happen to pass nearby. (See 
Figure 5.2.) Hi is selectivity permits the investigator to determine whether the be- 
liavioral ef f ects of destroying a paruciilar brain sirueliii e are caused by the death of 
neurons located lliere or bv the destruction of axons that uass near 


Radio frequency lesion. The arrows point to very 
small lesions produced by passing radio frequency 
current through the tips of stainless steel electrodes 
placed in the medial preoptic nucleus of a rat brain. 
The cjblong hole in the middle of the photograph is 
the third ventricle, (Frontal section, cell-body stain.) 
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Froin Turkenburg, J. L.. Swaab. O F., Endert, E., Louwerse, 
A L., and van de Poll, N. E. Brain Research Bulletin, 19S8, 
21 215 - 224 . 


Figure 5.2 

Excitotoxk lesion, (a) Section through a normal hippocampus of a rat brain, (b) A lesion produced 
by infusion of an excitatory amino acid in a region of the hippocampus. Arrowheads mark the ends 
of the region In which neurons have been destroyed. 



Courtesy of Ben no RoozendaaL University of California, Irvine. 
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vu w w. a b I ong m a n .CO m/ca r 1 son6 e 


sham lesion A "pfacebo" proce¬ 
dure that duplicates all the steps 
of producing a brain lesion except 
for the one that actually causes 
the brain damage. 

stereotaxic surgery (sfa/r ee oh 
tak sik) Brain surgery using a 
stereotaxic apparatus to position 
an electrode or cannula in a speci¬ 
fied position of the brain. 

bregma The junction of the 
sagittal and coronal sutures of the 
skull; often used as a reference 
point for stereotaxic brain surgery. 


Note tliat when we pnKhice sulKonical lesinits by KF cun eni ihrnugli 

an elect roclt" nr infusing a e hen heal ilinmgft a cannula, we always cause acldiiional 
damage to the brain. When we pass an electrode or a canntda ihi ougli tl^e brain to 
get to our target, we inevitably cause a small amount of damage even before turning 
on the ie.sion maker or starting the infusion. T bereibre. we cannot simply compare 
the behavior of brain-lesloned animals with tliat of unoperated control animals; lire 
inciflenial damage to the brain regions above the lesion may actually be resjDonsible 
for some of die behavioral deficits we see. W'bai we do is operate on a group of anh 
main and produce sham lesions, lb do st>, we anestheii/e each animal, put it in the 
stereotaxic apparatus (described below), cut <jpen the scalp, drill the holes, insert 
the electrode or caiinula, and lower it to llie pi oper depth. In other words, we do 
everything we would do Kj produce tlie lesion except titrn on the lesion maker or 
start the iniusioti. This group of animals serves as a control group; if the behavior of 
the animals with brain lesitinsis different b orn that of the sham-o[>eraiefl control an¬ 
imals, we can conclude dial the lesions caused the behavioral dellcits. (As yon can 
see, a sham lesion serves the same purpose as a placebo does in a pbarmacologv' 
study.) 

Most of the time, investigators piuduce permanent brain lesions, bnt sometimes 
it is advantageous lo disrupt the activity ol a particular region of the brain tem¬ 
porarily. Tlie easiest way lo do so is to inject a local anesthetic or a drug called mus~ 
the appropriate part of" the brain. The anesthetic blocks action potentials 
in axf>ns from entering or leaving that region, thus effectively producing a tempti- 
rary lesion (usually called a rnV;rr.v//^/cbi‘ain lesion). Mu.scimol, a drug iliai stimulates 
(iABA receptors, inactivates a regitm of tfie bi ain by inhibiting the neurons located 
tliere. (You will recall that tiABA is the most important inlhbilury neurutransmiuer 
in the brain.) 


Figure 5.3 

Relation of the skull sutures to a rat's brain, and the 
location of a target for an electrode placement. Top: 
Dorsal view, eoftom: Midsagittal view. 




Coronal 


Edge of Incision in skin 


Sagittal 
suture 


Bregma 


Hole will be drilled 
here above target 
of lesion (Figure 5.4) 


Stereotaxic Surgery 


So how do w^e get the fip of an electrode or cannula to a precise 
location in the depths an animaFs brain? The answ'er is stereo¬ 
taxic surgery* SUnmiuxis literally mean.s “solid ar range me nf'; 
more specihcally, it refers to ihe ability to locate objects in space, 
A sinmiaxif apfmmlux amidins a bolder that Hxes ihe animars 
head in a standard position and a carrier that moves an electrode 
or a cannula iiirf)ugh measured distances in all three axes oi 
s[>ace. However, t<> perform stereotaxic surgery, one nutsl first 
studv a sirtvolnxir ullris. 


The Stereotaxic Atlas 

No two brains of animals of a given species are com])leiely 
identical, bui there is enough similarity among individuals to pre^ 
diet the location of particular brain stniclnres relative to external 
features old be head. For instance, a subcf>rucal nucleus of a rat 
might be so many millimeters vejural, antericn; and lateral to a 
point formed by the junction of several bones of the skull. Figure 
sliows two views of a rat skull: a drawing oJ ihe df>rsal surface 
and, beneatli it, a midsagittal view. (See 5.1.) Tlie skull is 

comp<ised of several bones that grow u>gether and form sulnms 
(seams). The heads of newborn babies contain a soft spot at the 
jimciion of the coronal and sagittal sutures called the fontandk. 
Once tins ga|> closes, tlie junction is called bregmaj from the 
Oreek word meaning ‘'front of iiead.” We can II nd bregma on a 
raFs skull, too, anti it serves as a convenient relerence point. 11 
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ihe anitnaFs skull is <n ieniecl as shown in the illustration, a particular region of the 
hi ain is fbuncl in a rairly ronstaut position, relative to brej^iua. 

A stereotaxic atlas contains j^hotop aphs or drawings that eorrespoiKl t<) frontal 
sections taken ai various distances rosiral and caudal lo bregma. For example, die page 
shown ill Figure 3.4 is a drawing ol'a slice ol the bi ain that contains a brain structure 
(shown in red) that we are interested in. 11'we wanted to place the tip of a wire in this 
structure (the fornix), we would liave to drill a hole thrtnigh the skull iniiiiediaiely 
above it. (See Figure 5,4,) Each page of the siereoiaxic alias is labeled according to the 
distance of the section an tenor or posterior It) bregma, 41ie grid on each page indF 
caie.s distances of brain structures ventral to the lop of the skull and lateral tt> ihe mid- 
line. To place the ii ]5 of a wire in the fornix, wc would drill a hole al>t>ve the target and 
ifieii lower the electrode ihrnugh the hole until the tip was at the correct depth, rehi” 
Live to the skull height at bregma, (See Figures 5,5 and 5,4,} Thus, by finding a neural 
structure (which we cannot see in our animal) on one of the pages of a stereotaxic at¬ 
las, we can determine the sirueiure's location relative to bregma (which we can see). 
Note that because of variations in different strains and ages ofanimals, the atlas gives 
onlv an approximate location, VVe always have to try out a new' set of coordinates, slice 
and stain the aniniafs brain, see the actual location ol the lesion, correct the mimbers, 
and irv again, (Slicing and staining of brains are describetl later,) 


stereotaxic atlas A collection of 
drawings of sections of the brain 
of a particular animal with mea¬ 
surements that provide coordi¬ 
nates for stereotaxic surgery, 

stereotaxic apparatus A device 
that permits a surgeon to position 
an electrode or cannula into a 
specific part of the brain. 


The Stereotaxic Apparatus 

A stereotaxic apparatus operates on ,simple principles. The device includes a 
head holder, which maintains the aniniafs skull in the proper orieiitaiion, a holder 
for ihe electrode, ancl a calibrated mechanism that moves the electrode holder in 
measured distances along tfie three axes: anteiior-poslerioi; dorsal-ventrab and 
lateral-mediaL Figure 5.3 illustrates a stereotaxic ap[}aratus designed for small ani- 
mafst various head holders can be tised to outfit this device for such diverse species 
as rats, mice, tiamsiers, pigeons, and turtles, (See Figure 5,5,) 


Figure 5.4 

A sample page from a stereotaxic atlas of the rat brain. The target 
(the fornix) is indicated in red. Labels have been removed for the 
sake of danty. 



Adapted from Swanson, L. W. Brain Maps: Structure of the Rat Brain. New 
York: Elsevier, 1992, 


Figure 5.5 

A stereotaxic apparatus for performing brain surgery on rats. 
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Figure 5.6 

Stereotaxic surgery being performed on a human patient. 


()iK'c WL’ obiaiti llit^ coordinaics from a suncotaxic at- 


ikva, \vc aiit:stlicli/e the animal, ]>)act‘ il in iht- apparatus, 
anti cm ilic scalp opcm VVc locale bregma, dial in llie ap¬ 
propriate numbers on the siereotaxic apparatus, drill a 
hole iliroiigii ihe skull, and lower the device into llie 
brain by the coi reci amount. Now the lip of llie canimla 
or electrode is wliei e we want it tt> be, and we are ready to 
produce the lesion. 


Ol’ctnirse, siereotaxic surgery may be used lor pur- 
[K)ses other than lesion production. Wires plated in the 
brain mav be used to stimulate neurt>ns as well as destroy 
them, and drugs can be injectetl that sliiiudate neurons 
or blt)ck specific receptors. We can attach cannulas or 
wires permanently by following a pioccdure that will be 
described later in this chapter. In all cases, once surgery 
is complete, the wound is sewn together, and the animal 
is taken out txfdie stereotaxic apparatus and allowed lt> re¬ 
cover from the anesthetic. 


Photograph courtesy of John W. Snell. University of Virginia Health System. 


Steretnaxic a[>paratnses are also made fur Immans, by 
the way. .Sometimes a neurosurgeon produces subcortical 
lesions—‘for example, to reduce the symptoms of Parkin¬ 
son's di.sease. Usually, the surgeon uses multiple landmai ks and verifies the location 
ol’ihe wire (or other device) inserted into lire brain by taking MRl scans before pro¬ 
ducing a brain lesion. (Svt'Figure 3.6,) 


Histological Methods 

Aftei producing a brain lesion and observing its effects on an animafs behavior, we 
must slice and stain Llie l)rain so that w'e can observe it under the microscf>pe and 
see tlie location of die lesimi. Brain lesions oiien mi.ss the mark, we have to verily 
tlie precise location oj ilie brain damage af ter testing the animal beliaviorally. To do 
so, we imisi fix, slice, stain, and examine the brain. Together, these procedures are 
referred to as histoiogiraJ i/tethofls, (T he ]>reflx veivrs to body tissue.) 


Figure 5.7 


A microtome. 


Fixation and Sectioning 

It we liope to study tire tissue in the form il liad at the lime ol the organisuTs 
death, we must destroy the autolytic en/ymes {atiiolyifr means Nelf-dissolving”), 

which will Ollier wise turn the tissue into musli. Tlie tissue must 
also l>e preserved to pi event its clecompf)silioii ijy bacteria m 
molds. To acliieve bodi of these objectives, we place the neural 
tissue in a fixative. The most commonlv used fixative is forma- 



an aqueous solution of formaldehyde, a gas. Pormalin liaks 
autolvsis, hardens the very soft and fragile brain, and kills any 
microorganisms that might desirtw it. 

Once the brain lia.s been fixed, we must slice it into thin sec¬ 
tions and stain various cellular sti uciures to see anatomical de¬ 
tails. Slicing is done with a microtome (literally, *That wliieh slices 
smalU). (Sc'e Figure 3.7.) Sikes prepared for examination under 
a light microscope are typically H) to 80 pm in thickness; those 
prepared iVir the electrtm niicroseope are generally cut at less 
than 1 pm. (A pm, or miaomHet; is one-millionth of a meter, or 
one-thousandth of a millimtfier,) For some reason, slices of brain 
tissue are usualh referred to as serliotis. 

.Alter the tissue is cm, we attach the slices to gla.ss micro¬ 
scope slides. V\e can then stain the tissue by ]>uiiing the entire 
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slicic into vanrnis cliemical soliiiinns. Finally, we cover the stained sections witfi a 
small amount a transparent li(]nid known as a mounthig nK'dium and place a very 
thin f^lass coverslip over the sections. 1 he monniinj^ mediinn keeps die coverslip in 
position. Animation 5J, Histological Methods^ sltows tliesc procedures. 


Animation 5.1, Histolog¬ 
ical Methods, contains a 
video demonstrating the 
preparation of brain tissue for 
examination under a microscope. 



Staining 

If yoti looketl at an tinstained section of brain tissue under a iincrosco[H% you 
would be able to see the outlines of some large cellular masses and the more j:)n)nn- 
neni fiber bundles. However, no Fine details would he revealed, F<ir this reason the 
study of mieroscopic neuroanatomy requires special histological stains. Researchers 
have developed many diiferent stains to identify speciHc substances within and out¬ 
side of ceils. For veritVing the locauon of a brain lesion, we will use one of the sim¬ 
plest: a eelfbody slain. 

In the late uineteenth century Franz Nissl, a German neurologist, discovered 
that a dve known as melhvlene blue \vould stain the cell bodies ol brain tissue. The 
material that takes up the dye, known as the Nissl rnhstanau consists of RNA, DNA, 
and associated proteins located in tlie nucleus and scattered, in the (brm ofgrannles, 
in the cvtoplasm. Many dves besides methylene blue can be used to stain cell bodies 
found in slices of the brain, but the most frequently used is cresvl violet. Incidentally, 
ilie dves were not developed speciOcally for histological purposes bin were originally 
formulated for use in dyeing doth. 

1 he discovery of eell-bodv stains made it possible to ideniily nuclear masses in 
the brain. Figure 5.8 shows a fronial section of a cat brain stained with cresvl violet. 
Note that you can observe fiber bundles by their ligliter appearance: they do not lake 
up the stain. (See Figure 5,8.) Tlie stain is not selective for ??cirm/cell bodies; all cells 
are siaitied, neurons and glia alike. It is up to the investigator to determine w-hich is 
wliieli—l>y size, shape, and location. 


Electron Microscopy 

Tile light microscope is limited in its ability lo resolve exiremely small details. 
Because td ihe nature of light itself , inagnilkalion ofbnore than approximately 1500 
limes does not add any rletail. To see such small anatomical structures as synapfic 


fixative A chemical such as for¬ 
malin: used to prepare and pre- 
i serve body tissue. 

formalin (for ma tin) The aque¬ 
ous solution of formaldehyde gas; 
the most commonly used tissue 
fixative. 

microtome {my krow tome) An 
instrument that produces very thin 
slices of body tissues. 


Figure 5.8 

A frontal section of a cat brain, stained with cresyl violet, a cell- 
body stain. The arrowheads point to nuclei, or groups of cell 
bodies. 



Histological material courtesy of Mary Carlson. 
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Figure 5.9 


Figure 5.10 



An electron photomicrograph of a seaion 
through an axodendritic synapse. Two 
synaptic regions are indicated by arrows, 
and a circle points out a region of 
pinocytosis in an adjacent terminal button, 
presumably representing recycling of 
vesicular membrane. T = terminal button; f 
- microfilaments; M = mitochondrion. 


A scanning electron micrograph of neurons and glia. 


Neuron 


Terminal buttons forming 
synapses with neuron 


From Kessel, R. G,, and Kardon* R. H. Tissu&s and Organs: A Text-Atiasof 
Scanning Electron Microscopy. San Francisco: W, H, Freeman, 1979. By 
permission, 


From Rockel, A, J., and Jones, E G, Journal of 
Comparaf/ve A/euro/og>; 1973. 147. 61-92, 
Copynght © 1973 Reprinted by permission 
of Wiley-Liss, fnc., a subsidiary of John Wiley 
& Sons. Inc. 


_ vcsiclc.s aiici ciciails of cell ai gatu^lles, investigators iiRist use an elecLi'oii mi¬ 
croscope. A beam of’electrons is passed tlirougli llie tissue to be examined. 
A sliadow ofilie ti.ssiie is ilien ca.st omt> a sheet of photograpliic film, whicli 
is exposed by tlie electrons. Klecti t^n plioloniicrograplis piTniiiced in liiis 
way can provide infr)nnatit>n aboiK sirnctnral details on die order of a few 
tens of nanometers. (See figure 5.9.) 

A scanning electron microscope provides fess magnification than a standard tranv 
niission electron microscope, whicli transmits ilie electron beam through tlie tissue. 
However, it shows objects in three dimensions. T'lie microscoj>e scans lire tissue willi a 
moving beam t>f electrons. The information received from the reflection of the beam 
is used to produce a remarkably detailed ihiee-dimensional view. (See Figure 5,10,) 


scanning electron microscope 
A microscope that provides three- 
i dimensional information about 
the shape of the surface of a 
' small object, 


Tracing Neural Connections 

l.et's sup[)ose that we were interested in discovering the neural mechanisms re¬ 
sponsible for reprodnetive beliavior. To start out, we wanted to siudv the physiology 
of sexual behavior of female rats. On tlie basis t>f some liints we received bv reading 
repoiTs of ex]>eriments by other researchers published in scientific journals, we per- 
ibrmed sterer)taxic surgery on two groups of female rats. VVe macle a lesion in the 
ventromedial nucleus ot the hvpotiialanius (\A1M) of die rats in the experimental 
group and performed sham surgery on the rats in the control gruiip. After a few 
days' recovery we [ilaced the animals (individually. <ircoui se) with male rats. Tlie fe¬ 
males in ifie control group responded positively to die males* at ten don; diev en¬ 
gaged in courting behavior ini lowed by copulation. I low ever, the females with tlie 
VMM lesions rejected the males* attention and refirsed to copulate with tlieni. VVe 
confirmed with histolug\^ tliat the VMH w^as indeed destroyed in the brains of tlie ex¬ 
perimental animals. (One experimental rat did copulate, but wc discovered later 
that die lesion had missed tlie VMH in that animal, so we discarded the data from 
that subject.) 

The resullsof oil! experiment indicate that neurons in die VMH appear to play 
a role in functions required for copulaiory behavior in lemales. (By the way. it turns 
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Figure 5.11 


oui that ihese Icsknis do nol afleci copuliitory bcliavior in 
males.) St? wliere fio we from liere? Wliai is ihe next step? In 
fact, there are many cjiicslions that we cniild pursue. One ques¬ 
tion concerns the system In aiii stnictiires that pariicijiate in 
female co])ulaiory Ixdiavior, (An taiiily, the VMH does not stand 
alone: it receives inputs iVom other struclmes and sends out' 
puts to still others. (lopulaiimi requires integration (jl visnah 
tactile, and olfactory perceptions and organization of patterns 
of movements in resptmse to those of the partner. In addition, 
ihe entire network recjuires activation by the appropriate sex 
hormones. What is tlie precise role of the VMM in this compli¬ 
cated system? 

j* 

Before we can hope to answer tliis questitm. we must know 
more about the connections i>f the \'MM with the rest ul the 
brain. Wiiat structures send iheir axons to tlie VMH, and to 
what structures does the VMH, in turn, send its axons? Once we 
know what the connectitnis are. we ran investigate the role of 
these strnclLires and the nature of iheir interactions. (See Figure 5/11.) 

How do we investigate the cimnections of the V^MI i? Tire question canmn he an¬ 
swered by means of histological procedures that stain all neurons, such as cell-body 
stains. If we look closely at a brain that has been prepared by these means, we see 
only a tangled ma.ss of neurons. But in recent years re.searchers have developed very 
precise metliods lliai make specific neurons stand out from all of the others. 


Once we know that a particular brain region H involved in 
a particular function, we may ask what structures provide 
inputs to the region and what structures receive outputs 
from it. 





Tracing Efferent Axons 

Because neurons in the VMH are not directlv connected to muscles, they can- 

/ f 

not affect behavior directly. Neurons in the VMH mtisi send axmis to ])arts of the 
brain that contain neurons that are responsible for muscular movements. The path¬ 
way is probably not direct; more likely, neurons in the VMH affect tu-urons in other 
structures, which influence thr>se in yet other structures until, eventually, the ap¬ 
propriate motor netirons are siimulaied. To discover this system, we want to he able 
\o identic the paths follovved by axons leaving the VMH. In otlier wt>rds, we want to 
trace the e[fereni of this .structure. 

We will use an anterograde labeling method to trace these axons. (Anifnvgmfie 
means "‘mewing forward.") Anterograde labeling methods empltw chemicals that are 
taken up by dendrites or cell bodies and are then transported through the axems to¬ 
ward the terminal huUons, 

Over the years neuroscientists have devekjped several different tnethods for trac¬ 
ing tlie patliwavs lollowefl hv efferent axons. A recently developed method is re- 
[placing earlier ones, so this is what we will use. f^ell biologists have discovered that a 
family of proteins pi‘odnced by ])lants hind with specific complex molecules present 
in cells of the iininuiie system. These proteins, called krfinst have also found a use in 
tracing nenral pathways. A particular lectin produced S)y the kidney bean, PHA-L 
(Jfhaseofu\ vulgffris letikonggittfinin, il yon really want to know), is used to identify’ ef¬ 
ferent axons. 

To discover ihe destination of the efferent axons of neurons located within the 
VMH, we inject a minute quantity oi’PHA-L into that nucleus, (We use a stereotaxic 
appaiattis to do so, of course.) Tlie molecules of FIIA-L arc taken up by dendrites 
and are transported through the soma in the axon, where they travel by means of 
fast axoplasmic transport to the terminal buttons. Within a few days tlie cells are 
filietl in tlieir entirely with molecules of PHA-l,: dendrites, sonia, axtms and all iheir 
branches, and tei minal buttons. Tlieii we kill the animal, slice the brain, and nionni 
the sections on microscope slides. A special immunonforhnfifraf method is used to 


anterograde labeling method 

{ann rer oh grade) A histological 
method that labels the axons and 
terminal buttons ot neurons 
whose cell bodies are located m a 
particular region 

PHA-L Phaseolus vulgaris 
leukoagglutinin; a protejn derived 
from kidney beans and used as an 
anterograde tracer; taken up by 
dendrites and cell bodies and car¬ 
ried to the ends of the axons. 
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Figure 5.12 

The rationale for the use of PHA-L to trace efferent axons. 



PHA-L is transported 
by axoplasmic flow 


Axons and terminal buttons can 
be seen under the microscope 


PHA'L is injected into 
a region of the brain and 
taken up by dendrites 
and cell bodies 


immunocytocKemical method 

A hrstofogical method that uses 
radioactive antibodies or antibod¬ 
ies bound with a dye molecule to 
indicate the presence of particular 
proteins of peptides. 


Figure 5.13 


An anterograde labeling method. PHA-L was injected into the 
ventromedial nucleus of the hypothalamus {VMH), where it was 
taken up by dendrites and carried through the cells' axons to their 
terminal buttons. Labeled axons and terminal buttons are seen in 
the periaqueductal gray matter {PAG). 



Courtesy of Krrsten Nielsen Ricciardi and Jeffrey Blau stein, University of 
Massachusetts. 


make ilie molecules cjf PHA-l. visible, and the slides are exatniiied under a micro¬ 
scope. (See Figure 5J2,) 

Itnmunocytochemical methods take advantage of tile iiiimuiie reaction. Fhe 
body's imin 11 lie system lias tlic ability to produce antibodies in res[>oii.se to antigens. 
Aitf/grnsdVi: proteins (ur peptides), siicli as those [ound on the siii face oi'bacteria or 
viruses. which arc also (iroteins. are produced by while blood cells to de- 

siroy invading ink:rooiganisms. Antibodies eiiher are secreted bv while blood cells 
or are located on their surface, in the way neiirotransmiuer receptors are located on 
the snrlace t>f neurons. \Mien the antigens that are [present on the surface ol an in¬ 
vading microorganism come into contact with the anti¬ 
bodies that recognize them, the antibodies trigger an 
attack on the invader l>v the while blood cells. 

OH biologists liave developed nieiliods fur producing 
antibodies to any f>i-piide ur protein. The antibody mole¬ 
cules are aitaclied to various ivpes of dye molecules. Some 
of these dyes react with other chemicals and stain the tis¬ 
sue a brown color. Otliers are nuoresceni; they glow wTeii 
they are exposed to light of a particular w^avelenglli. To de- 
leimine wliere the peptide or protein (llie aniigen) is lo¬ 
cated in ihe brain, ilie investigauir places fresh slices of 
brain tissue in a solution that contains the antibody/dyc 
molecules. The antibodies attach themselves to iheir aiilU 
gen. When the invesiigator examines the slices wiili a me 
croscope (under Hght of a particular wavelength in the 
case of [luoresceni dyes), he or slu: can see wliich [Xirts ol 
die brain—even which iiidivkluai neurons—contain the 
antigen. 

Figure 5.J3 shows how PHA-l. can be used to tdenlily 
ihe efferents of a particular region of the brain. Mole¬ 
cules of ibis chemical \vere injecied inio die VMH. Two 
days later, after die PHA-L iiad been taken up by the neu¬ 
rons ill this region and transported lo the ends of their ax¬ 
ons, the animal was killed. Slices of the iirain were treated 
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with ii cheniicaJ procccluit' thai stains iIr' lissiK* containing molecules of PHA-L a 
brown color. Fipfiire 5. IS sliows a pliotoinicrograph ni'ilie periaqneduciai ^ray mat¬ 
ter (PACi). As yon can see, iliis region contains some axons and terminal buttons la- 
l>eled bv the PHA-P, wincli proves that some of live elferent axons of the VMH 
terminate in tlie PACi. (See figure 3^) 

To continue our studv of the r<>le of‘ die \'MH in female sexual behavior, we 

ii 

would find the sinictures that receive information front neurons in tlie\ Mi l (such 
as the \\\G) and see vvliai happens when each of them is destroyed. I.et’s sU[)pose 
that damaj^e to some of these sirtK lures also imjiairs female sexual hehavitm We will 
inject these structures with PHA-L. and see where if/^m axcnis pfo. Eventually, we will 
discover the relevant patliways from llie VMH to the tiiotor neurons whose activity 
is nece.ssary i'or copnlaiorv behavior. (In fact, researchers have done so, anti some ol 
their results are presented in Hhafiter 9.) 


retrograde labeling method A 

histological method that labels cell 
bodses that give rise to the termi¬ 
nal buttons that form synapses 
with cells in a particular region. 

fluorogold {flew roh gold) A dye 
that serves as a retrograde label; 
taken up by terminal buttons and 
carried back to the cell bodies. 

pseudorabies virus A weakened 
form of a pig herpes virus; used 
for transneuronaf tracing, which 
labels a series of neurons that are 
interconnected synaptically, 


Tracing Afferent Axons 

Tniciti^ efferettt axottsfrom the VMH will tell ns only pan of the story about the 
neural circuitry involved in female sexual behavior: the part hetiveen the \AI11 and 
the motor neurons, Wlial about the circuits fMfmrihe \'MH? Is the \'MH someliow 
involved in the analvsis of'.sensorv inibnnation (such as the sight, odor, or lonch of 
the male)? Or jierliaps the acti\'ating effect of a feniale^s sex hormones on her be¬ 
havior act througli the VMH or through neurons whose axons form svnapses there* 
To discover the pari.s of the brain that are involved in the "tipstreanP' components 
of llie neural circuitrv, we need to i'lnd the inpttis ofilie \A1H—its afferent eontiec- 
tiotis. To do so, we will employ a retrograde labeling method. 

Rrlrogtadr means ‘^tnoving back\vard." Retrograde labeling methods em]3loy 
chemicals tliai are laketi up bv icrtninal buttons and carried back through the ax¬ 
ons toward the cell bodies. The methtKl for idetuifying the afferent inputs to a par¬ 
ticular region of the brain is similar to the metliod used for identifying its efferents. 
Fii st, we ijtject a small quantity of a chemical called fluorogold into the \ MH* The 
cliemical is taken up hv terminal hniions and is iranspt>rted hack bv means of ret¬ 
rograde axoplasmic transport to the cell bodies* A few days later we kill die animal, 
slice its brain, and examine llie tissue under light of the appropriate wavelengdi. Tlie 
molecules of duoR>gold lluoresce under iliis light. We dis¬ 
cover that the medial amygdala is <iiie oi lire regions that 
pror ides input to the \A1H. (See Figure 5.14.) 

fhe anterograde and retrograde labeling methods 
that I have described identifV a single link in a chain of 
neurons—neurons wliose axons enter or leave a particu¬ 
lar brain region* 'iVaustmumuffivdcwg meiliods identify a 
series of tw'o, tfiree, t>r more neurons that form serial 
synaptic connections with each other* file most effective 
iransnentonal tracing mcthtid uses a pseudorabies 
virus—a weakened form of a pig herjres virus that was 
originally developed as a vaccine. The virus is injecied di¬ 
rectly into a brain region, is taken up by neurons there, 
and infects them, Tlie virus spreads thronghoni the in¬ 
fected neurons and is eventually released, passing on the 
infection to neurons with which they form synaptic con¬ 
nections. Some neurons are killed by the virus; others sur¬ 
vive the infeciton. This method can be used U) trace 
circuil.s in eiilier the anterograde or the retrograde 
direction* 

The longer the experimenter waits after injecung the 
vints, tlie larger ilie number of neurojis that become 


Figure 5.14 


A retrograde tracing method. Fluorogold was injected in the 
VMH, where it wai taken up by terminal buttons and transported 
back through the axons to their cell bodies. The photograph 
shows these cell bodies, located in the medial amygdala. 



Courtesy of Yvon Delville, University of Massachusetts Medical School. 










134 


CHAPTER 5: Methods and Strategies of Research 


www.ablongman.com/carlson6e 


Figure 5.15 


One of the inputs to the VMH and one of the outputs, as 
revealed by anterograde and retrograde labeling methods. 

Anterograde tracing: 



computerized tomography (CT) 

The use of a device that employs 
a computer to analyze data 
obtained by a scanning beam 
of X-rays to produce a two- 
dimensional picture of a ” slice'" 
through the body. 

magnetic resonance imaging 
tIVIRI) A technique whereby the 
interior of the body can be accu¬ 
rately imaged; involves the inter¬ 
action between radio waves and 
a strong magnetic field. 


iiifcclccl. After the animal is killed and die Inain is slitccl, im- 
munoc'ytoclieinical rnetfiods are used tt> 1<jcalize a protein pro¬ 
duced by ilie virus. For example. Haniels. Miselis, and 
Flaiiagan-Oaio (1999) injected [)sendoralnes \irus in the mus¬ 
cles responsible for female rats' mating posture. After a few 
davs die rats were killeck and their brains were exandned ftir ev- 
idence of viral infection. The study indicated lliaL tlie virus 
found its way up the nuitor nerves to tiie motor neurons in the 
spinal cord, then to tlie reticular formation of the medulia. 
then to the periaqueductal gray mailer, and finally to tlie VMJ I, 
These results confirm the results of the anterograde and retro¬ 
grade labeling metliods I just described. (Infected neurons 
were found in other siruciui es as well, but they are not relevant 
U) tins discussion.) 

Together, anterograde and retrograde labeling methods— 
including rransneuronal mediods^—eatable us to discover cir¬ 
cuits of interconnecietl neurons. Tims, these methods help to 
provide us with a Avli ing diagram” of the brain. (See Figure 
5.75.) Armed with other researcli methods (including some lo 
be described later in this cliapter), we can try to discover the 
functions of each com[)onent of this circuit. 

study of the Living Human Brain 

'There are many good reasons to investigate the functions of 
brains of animals other than liunians. For one thing, we can 
compare the results of studies made with different species in order to make some in¬ 
ferences about the evolution of various neural systems. Facii if Our primarv inieiest 
is ill the functions of the fniman brain, vve certainly cannot ask people to submit to 
brain surgery for the purposes tjf research, but diseases and accidents dfi occasiou- 
afly tlamage the human brain, and if we know where the damage occurs, we can 
siufly the people's behavior and try to make the same sorts of inferences we make 
wiili deliberately produced brain lesions in laboratory animals. The [jnjblein is, 
where is the lesion? 

In past years a researcher might study tfie behavioi' of a person with brain dam¬ 
age and never find out exactly w'here the lesion was located. The only wav to be sure 
was to ol)lain tlie patient's lirain when he or she died and examine slices of it under 
a microscope. But it was often impossible io do so. Sometimes the patient outlived 
the researcher. Sometimes tlie patient moved out fd lowri. Sometimes (ohen, ])er- 
haps) tlie family refused permission for an autopsy. Because of these practical prol>- 
leins, study of the behavioral effects of damage to specific parts ofThe human brain 
made railier slow progress. 

Recent advances in X-ray techniques and com[>uiers have led to the develop¬ 
ment of several methods for suidyiiig the anatomy of the living bi ain. Tiiese ad¬ 
vances permit researchers to study the locatiuii and extent of brain damage while the 
patient is still living. The fh sl melhtxi tliai was developetl is called compiitenzed to¬ 
mography (CT) (fn>in tlie (»reek for lomos, "cut,” and gtYip/ieiu, To write"). This prtj- 
cedure, usualiy referred tti as a C/ avyo?, works as follows: The paiienFs head is placed 
hi a large doughnut-shaped ring. The ring contains an X-ray luhe and, dii ecllv op- 
pt>site it (on llie other side of the patient’s head), an X-ray detector. The X-ray beam 
passes tlirough the patient's liead, and the deiectoi’ measures the amount of ra¬ 
dioactivity that gets through it. The beam scans the head from all angles, and a com¬ 
puter iranshites the numbers it receives f rom tlie fieiecior into pictures of tlie skull 
and its contents. (See Figure 5J6,) 
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Figure 5.16 

A computerized tomography (CT) scanner. 


Kijxiirt' 3.17 shows a .series of tliese C^T scans taken 
ilirouj^h ihe head o(‘a patient who suslatned a stroke. The 
stroke damaged a pan of die brain involved in bodily 
awareness and perception of space. The [>atieni lost her 
awareness oftlie left side of her body and of items located 
on her left. Von can see the damage as a while spot in tile 
lower left corner of scan 5. {Sec Fi^ire 5,17.) 

An even more detailed picinre of what is inside a per¬ 
son’s head is provided by a process called magnetic reso¬ 
nance imaging (MRI). The MRI scanner resembles a (-T 
scanner, but it does not nse X-ray.s. Instead, it passes an ex¬ 
tremely strong magnetic field through the paiienfs head. 

Wlien a person's body is placed in a strong magnetic held, 
the nuclei of some atoms in nioleenles in the body spin 
witli a particular orientation. If a radio frequency wave is 
tlien ];)assed through the body, lliese nuclei emit radlti 
waves of their own. Different molecules emit energ)' at dif- 
lereni frequencies. The MRI scanner is tuned to detect 
the radiation from hydR>gen atoms, because these atoms 
are present in different concentrations in different tis¬ 
sues, tlie scannercan use the information to prepare pictures of slices oiThe hi ain. 
Unlike C7Y scans, which are generally limited u> the hori/omal f>Iane, MRI scans can 
he taken in the sagittal or frontal planes as \vell. (See Figi/re 5./^.) 


Larry Mulvihill/Rainbow. 


Figure S.17 

A series of CT scans from a patient with a lesion tn the right occipital-parietal area 
(scan 5). The lesion appears white because it was accompanied by bleeding; blood 
absorbs more radiation than does the surrounding brain tissue. Rostral is up, caudal is 
down; left and right are reversed. Scan 1 shows a section through the eyes and the 
base of the brain. 



Courtesy of J. McA. Jones. Good Samaritan Hospital Portland, Oregon. 


Photo courtesy of Philips Medical Systems, 
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INTERIM SUMMARY 


Experimental Ablation 

The goal of research in behavioral neuroscience is to understand the brain functions re¬ 
quired for the performance of a particular behavior and then to learn the location of the 
neural circuits that perform these functions. The lesion method is the oldest one employed 
in such research, and it remains one of the most useful. A subcortical lesion is made under 
the guidance of a stereotaxic apparatus* The coordinates are obtained from a stereotaxic at¬ 
las, and the tip of an electrode or cannula is placed at the target. A lesion is made by pass¬ 
ing radio frequency current through the electrode or Infusing an excitatory amino acid 
through the cannula, producing an excitotoxic lesion. The advantage of excitotoxic lesions 
is that they destroy only neural cell bodies; axons passing through the region are not dam¬ 
aged. 

The location of a lesion must be determined after the animaTs behavior is observed. The 
animal is killed by humane means, and the brain is removed and placed in a fixative such as 
formalin* A microtome is used to slice the brain, which is usually frozen to make it hard 
enough to cut into thin sections* These sections are mounted on glass slides, stained with a 
cell-body stain, and examined under a microscope* 

Light microscopes enable us to see cells and their larger organelles, but an electron mi¬ 
croscope is needed to see small details, such as individual mitochondria and synaptic vesicles* 
Scanning electron microscopes provide a three-dimensional view of tissue, but at a lower 
magnification than transmission electron microscopes* 

The next step in a research program often requires the investigator to discover the af¬ 
ferent and efferent connections of the region of interest with the rest of the brain. Efferent 
connections (those that carry information from the region m question to other parts of the 
brain) are revealed with anterograde tracing methods, such as the one that uses PHA-L. Af¬ 
ferent connections {those that bring information to the region in question from other parts 
of the brain) are revealed with retrograde tracing methods, such as the one that uses fluo- 
rogold. Chains of neurons that form synaptic connections are revealed by the transneuronal 
tracing method, which uses the pseudorabies virus. 

Although brain lesions are not deliberately made in the human brain for the purposes 
of research, diseases and accidents can cause brain damage, and if we know where the dam¬ 
age is located, we can study people's behavior and make inferences about the location of 
the neural circuits that perform relevant functions. If the patient dies and the brain is avail¬ 
able for examination, ordinary histological methods can be used* Otherwise, the living brain 
can be examined with CT scanners and MRI scanners. 

Table 5*1 summarizes the research methods presented in this section. 


i 


Recording and Stimulating Neural Activity 


I'lic" first scciioii uf this ciiapter cleali with the anaioniy uf tfio brain and tho ehccis of 
damage* tt> particulai rcf^kms. This section considers a dif ferenl approach: stmlying 
ilie brain bv recording or sliiniilating llie activity of particulai regions. Brain lunclions 
involve activity of circuits of neurons; tlius, difrerenl perceptions and liehavioral re¬ 
sponses involve different paiterns of aclivin' in the brain* Researcliers have dc\ised 
melliods to record tliese patterns or aciivily or U) artificially pioducc tliein. 


Recording Neural Activity 

Axons produce anion potentials, and terminal buttons elicit postsynaptic potentials 
in tl>e membrane of the cells with wlncli they form syna]>se.s. Tliese electrical events 
can be recorded (as we saw in ('bajjier 2), and changes in the electrical activity of a 
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Research Methods: Part I 


Goal of Method Method Remarks 


Destioy or inactivate specific brain Radio frequency' lesion 

region 


Destroys all brain tissue near tip of 
electrode 


Place electrode or cannula in specific 
region within brain 

Find location of lesion 


Excitotoxic lesion: uses excitatory 
aniino acid such as kainic acid 

Infusion of local anesthetic or 
muscimol {drug that stimulates GABA 
receptors) 

Stereotaxic surgery 

Fix brain; slice brain; stain sections 


Destroys only cell bodies near tip of 
cannula; spares axons passing 
through region 

Temporarily inactivates specific brain 
region; animal can serve as its own 
control 

Consult stereotaxic atlas for 
coordinates 


Identify axons leaving a particular 
region and the terminal buttons of 
these axons 

Identify' location of neurons whose 
axons terminate in a particular region 

Identify cliain of neurons that are 
i n ter con ne c ted syii aptical ly 

Find location of lesion in Imng 
human brain 


Anterograde tracing method, such as 
PHA-L 

Retrograde tracing method, such as 
fluorogold 

Transneuronal tracing method; uses 
pseudorabies virus 

CiOmpuierized tomography (CT 
scanner) 

Magn e ti c reso nance i m agi ng (M R1 
scanner) 


Can be used for both anterograde 
and retrograde U’acing 

Slows “slice'’ of brain; uses X-rays 

Shows “slice” of brain; better detail 
than CTT scan; uses a magnetic field 
and radio waves 


particular region can be used to determine wlieiher that region plays a role in vari¬ 
ous ht'haviors. For example, recordings can be made din ing stimulus presentations, 
decision making, or inott>r activities. 

Recordings can be made over an extended period of time after die 

animal recovers from surgery, or ibr a relatively short period ol nine during 

winch the animal is kept anestheii/ed. Acute recordings, made while the animal is 
anestlieli/ed, are usually restricted to studies ofsensorv pathways. Acute recordings 
seltloiii involve behavioral observaiioris, since tbe behavioral capacity of an anes¬ 
thetized animal is iiniiled, to sav the least. 


Recordings with Microelectrodes 

Drugs dial affect serotonergic and noradrenergic neurons also alTeci RKM 
sleep. Suppose that, know ing this f act, we wondered wiiethcr the aciiviiy of seroton¬ 
ergic and noradrenergic neurons would vary during different stages of sleep. To 
find out, w'c w'ould record the activity ofhhesc neinons with microelectrodes. Micro¬ 
electrodes have a very fine lip, small enough to record die electrical activity ofindk 
vidual neurons. This technique ts usually called single-unit recording (a iinit refers 
to an individual neuron). 

Because we want to record the aclivitv of single neurons over a long pei iod ni' 
time in unaiiesthciized animals, we want moic durable e let nodes. We can purchase 
arrays of very fine w'ires, gathered togeilier in a bundle. The w'ires are insulated willi 


micro electrode A very fine elec¬ 
trode, generally used to record 
activity of individual neurons. 

single-unit recording Recording 
of the electrical activity of a single 
neuron. 
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Figure 5.19 


A permanently attached set of electrodes, with a 
connecting socket cemented to the skulL 


Connecting socket 
Electrodes 


Dental plastic 


Skull 



A special vaniisli so that anh their tips arc bare. 1 he t^ires are 
flexible eiiougli that tliev can follow nioveiiieiits of the brain tis¬ 
sue caused bv nioveiiieius of the animars head. As a l esiilt, thev 

j' ■ 

are less likely to damage ihe neurons whose signals they are re¬ 
ceiving. [n addition, we can record the activity of several indh 
vtdital neurons in a particular regirm of the brain. 

We itnplant the electrodes in tlie brains of atumals ihrougli 
stereotaxic surgery. We attach them to [uiiiiaturii^ed electrical 
sockets and botul the sockets to tlie animals' skull, using plas¬ 
tics that were originally developed for the dental profession. 
Then, after recoverv Irorn surgery, the animal can be “plugged 
in’" to the recording system. LaboraUn y animals pay no heed to 
the electrical sockets on their skulls and behave quite normally. 
(See Figure 5J9.} 

Researchers often attach rathei^ complex devices to the an¬ 
imals' skulls when they implant micixtelectrodes. Tliese devices 
include screw mechanisms that permit the experimenter to 
move the electrode—or array of electrodes—deeper into the 
bi ain so that they can record from several different parts t>f the 
brain during llie course of their observations. 

Tile electrical signals detected by microelectrotles are quite 
small and must be amplified. Amplifiers used for tliis purpt>se 
work just like the amplifiers in a stereo system, converting the weak signals recorded 
at the brain into stronger ones. I hese signals can be displayed on an oscilloscope 
and stored in the memory of'a cumpuier lor analysis at a later lime. 

What about the results of’our recordings from serotonergic and noradrenergic 
neurons? As you will learn in Chapter 9, if we record the activity ofdhese neurons dur¬ 
ing vaiious stages oj'sleep, we will fmd dial their firing rales fall almost to dur¬ 
ing REM sleep, lliis observation suggests that these neurons have an //ddA/Ven'effect 
on REM sleep. That is. REM sleep cannot occur until these neurons stop firing. 




macroelectrode An electrode 
used to record the electrical activity 
of large numbers of neurons in a 
particular region of the brain; 
much larger than a macroelectrode 

electroencephalogram (EEG) 

An electrical brain potential 
recorded by placing electrodes on 
in the scalp. 

magnetoencephalography A 

procedure that detects groups of 
synchronously activated neurons 
by means of the magnetic field in¬ 
duced by their electrical activity; 
uses an array of superconducting 
quantum interference devices 
fSOUIDs), 

2-deoxyglucose C2-DG) (dee ox 
ee gloo kohss) A sugar that en¬ 
ters cells along with glucose but is 
not metabolized. 

autoradiography A procedure 
that locates radioactive sub¬ 
stances in a slice of tissue; the ra¬ 
diation exposes a photographic 
emulsion or a piece of film that 
covers the tissue. 


Recordings with Macroelectredes 

Sometimes, we want to record the activity of a region of the brain as a whole, not 
the aclivitv of individual neurons k>caied there. To tlo this, we would use macro- 
electrodes. Macroeiectrodes do not detect llie activity of iiuhvidual neurons; rather, 
the records that are obtained wiili these devices rejireseni the poslsynaptic poieniials 
of manv thousands—or millions—tjf cells in the area of the electrode. Tliese elec¬ 
trodes can consist of unsharpened wires inserted into the brain, screws attached to 
the skull, or even metal tlisks attached to ihe human scalp with a special paste that 
coiulucts elect! icily. Recordings taken from the scalp, es|>ecially, rej^resent the ac- 
livitv of an eiiormous number of neurons, whose electrical signals pass through the 
meninges, skull, and scalp before reaching the electrodes. 

Occasionally, neurosurgeons implant macroelectrodes directly into the liumait 
brain. The rea.son \hv doing so is to dcicci the source of abnonnal electrical activity 
that is giving rise to irequent seizures. Once tlie .soiu’ce is determined, the surgeon 
can open the .skull and remove the source of the sei/ures—usually scar tissue caused 
bv brain damage that occurred eai lier in life. Most often, the electrical activity ol a 
human brain is recortJed throtigh electrodes aitached to die scalp and displayed on 
an ittk-wrili ng osdiiogtaph , commo ti iy callecl a polygraph . 

A polygraph contains a mechanism tliat moves a very long su ip of paper past a 
series oi pens. These pens are essentially the poiiUers of large voltmeters, moving up 
and down in resfion.se lo the electrical signal sent lo tlicm by the biological aitipli- 
Hers. Figui e 5.20 illustrates a record of electrical activity recorded iVoin macroelec¬ 
trodes attached to various locations on a [lerson’s scalp, (See Ftgtre 5,20.) Such 
records are called electroencephalograms (EEGs), or Avrithigs oi electricity Irom 
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the lifacl/'They tint lx* used to diagtiose epilepsy or brain tu¬ 
mors or to sutdy tlic stages of sleep and wakeiuluess, wliicli are 
associated with cliaracteristic j>atterns ol electrical activity. 

AiKUher use ol ilie EE(i is to nioniior the condiiioii of tlie 
brairi duiinjr procedures that ccaild potentially datiia^e il, 1 wii“ 
iiessed just such a procedure several years a^o. 

Magnetoencephalography 

As you undoubtedly know, wlien electrical current flows 

i * 

throuj^h a conducto*; it induces a magnetic helth This means ifiat 
as action potentials pass down axons ur as postsvnaptic poten¬ 
tials pass down dendi iles or sweep across the somatic membrane 
of a neinx)!!, magnetic Helds are also jji fKlnced. These Helds are 
exceedingly small, hut erigineers have tlevcloped superrondnci' 
ing detectors (called superconducting c|uantum interference 
devices, or SQUIDs), iliat can detect magnetic Helds that are a[>- 
[>roximateiy one-hillic>nih of the si/.c^ of the earth's magnetic 
Held, Magneto encephalography is perliormed whU nmrftma^ne- 
Itmififrs, devices lliat contain an array o(‘seteral SQUIDs, ori¬ 
ented so that a com pin er can examine their output and calculate 
the souire of particular signals in \hc brain. Tlie ueiiromagne- 
tomelcT shown iu Figure 5.21 contains 27^5 SQL'IDs. These de- 
vices can be used clinically—for example, to Hnd the sources of 
seizures so tlial they can ht^ removed surgically. They can also be used in ex[jenmcnts 
to measure regional brain activity tliat accompanies the perception of various stimuli 
or the performance ol'various behaviors or cognitive tasks. (See Figiire 5.2L) 


Figure 5.20 

A record from an ink-writing osciHographn 


Paper moves 


\ I 
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Recording the Brain's Metabolic 
and Synaptic Activity 


Electrical signals are not the only signs of neural activity. If the neural aeiivity of a 



Figure 5.21 


particular region of the brain increases, the [uetaholic rate of this l egion increases, 
too, largely as a result of increased operation of ion 
pumps in the membrane of die cells. This increased meta¬ 
bolic rate can be measured. The experimenter injects ra¬ 
dioactive 2-deoxyglucose (2-DG) iiilo the animars 
bloodstream. Because this cliemical resembles glucose 
(the pri[Ki[>al ibod for the brain), it is taken into cells. 

I'll us, tfie most active cells, which use glucose at the high¬ 
est rate, will take up the highest concentrations of ra¬ 
dioactive 2-l)(k But unlike normal glucose, 2-f)() cannot 
be metabolized, so it stays in tlie cell. The experimenter 
ihen kills the aEUrnal, removes the brain, slices it, arid pr€"- 
pares it for fiuimndiogiftphy. 

Autoradiography can be iranslaterl roughly as “writ¬ 
ing with one's own radiation.’" Sections of the brain are 
mounted on microscope slides. The slides are dien taken 
into a darkroom, wliere they are coateci with a photo- 
grapliic emulsion (the substance found on photographic 
film). Sfveriil wet-ks later, the slides, with their coatings of 
emnlsinn, are developed, just like photograpinc lilm. The 
molecules of radioactive 2-r)Ci show themselves as spots 
of silver grains in tlie developed emulsion because the 
radioactivity exposes the emulsion, just as X-rays or light 


Magnetoencephalography. The neuromagnetometer is shown on 
the monitor to the left. The regions of increased electrical activity 
are shown on the monitor to the right, superimposed on an 
image of the brain derived from an MR( scan. 


will do. 


Courtesy of CTF Systems Inc. 
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Animation Autora¬ 
diography, contains a 
video demonstrating the 
use of autoradiography to find 
the location of a neurotransmit- 
ter in the brain. 



Fos ifahs) A protein produced in I 
the nucleus of a neuron in re- ' 
sponse to synaptic stimulation. ' 

positron emission tomography I 
(PET) The use of a device that re- , 
veals the localization of a radio¬ 
active tracer in a living brain. 

furrctional MRI (fMRJ) A modifi¬ 
cation of the MRI procedure that 
permits the measurement of re¬ 
gional metabolism in the brain. 

mrc rod ialysis A procedure for 
analyzing chemicals present in the | 
interstitial fluid through a small i 
piece of tubing made of a semi- ' 
permeable membrane that is im- |j 
planted in the brain. 


riu* most at livo regions oi'ilie brain ctniiain ilio most raciioaciivity. sliovviii^ this 
raclioactivitv in ilu' form of dark spoi.s in the devclopccJ emulsion. Figure 5.22 sliows 
an aiUoratliograjili ol a slice of'a rat brain; Lite dark spots at the bottom (indicated 
by the arrow) are luiclei of die livpodialamns witli an especially bigli niciabolic rale, 
(^hajiier d describes iliese nuclei and their fmictioii, (See Figure 5.22,) Animation 5,2, 
Autoradiograpfiw shows this procedure. 

Anoilier melltod of identifying active regions of llie brain capitall/e.s on die fact 
dial when neurons are activated (for examjile, by tlic terminal liuUons dial form 
svnapses widi tliem), particular genes in the nucleus called immet/in/r fYirly gfws lire 
turned tJii and particular proteins are produced, Tliese proteins dien bind with the 
chromosomes in the nucleus, Tlie [ire.senee ol tliese tuiclear proteins indicates that 
the neuron ha.s just been activated. 

One ol ihe nuelear proteins produced during nem al aciivaiion is called Fos. You 
will remendier tliat we already <iid some researcli on the neural circuiirv involved in 
the sexual behavior of female rats. Suppose we want to use tile Fos method in this 
research project to see what neurons are aclivaleil during a female rat's sexual ac¬ 
tivity. We place I'emale rats with males and permit the animals to copulate. Then we 
remove the rats' brains, slice them, and follow a procedure that stains Fos protein. 
Figure 5.23 shows the re.suUs: Neinxiiis in the medial amygfiaia ol a female rat that 
has just mated show the presence td'dark spots, indicating the presence of Fos pro¬ 
tein. Thus, tliese neurons appear to ]>e activated by coptilaiory activity—perliaps by 
the phvsical stimulation of the genitals diat oecurs then. As you will recall, tvheii we 
injected a retrograde tracer (tliu>rogt>ld) into the V'MH, we found tlial lliis region 
receives input from the medial amygdala, (See Figure 5,25,) 

The metaht>lic activity of specific lirain regions can he measured in human 
Itrains, too, using a mediofl known as positron emission tomography (PET)* First, 
tlie patient receives an injection of ttulioactive 2-L)Ci. (Eventually, the chemical ts 
broken down aiul leaves the cells. The dose given to humans is liartnless.) The per¬ 
son's head is placed in a mac [line similar to a CT scanner. When the radioactive 
moiecules of 2-l)(i decay, tliev emit suliatoinic particles called positrons, which are 


Figure 5.22 

A 20G autoradiogram of a rat brain (frontal section, dorsal is 
at top), showing especially high regions of activity in the pair 
of nuclei in the hypothalamus, at the base of the brain. 


Figure 5.23 

Localization of Fos protein. The photomicrograph shovvs a frontal 
section of the brain of a female rat, taken through the medial 
amygdala. The dark spots indicate the presence of Fos protein, 
localized by means of immunocytochemistry. The synthesis of Fos 
protein was stimulated by permitting the animal to engage in 
copulatory behavior. 




From Schvvartz, W J , and Gamer, H, Science, 1977, ^97, 1039-1091. 
Copyright 1977 American Association for the Advancement of Science 
Reprinted with permission. 


Courtesy of Marc Tetel, Skidmore College, 
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(Iclccicci by the scatinen I hc coiiipiitrr determines vvfiicli 
tegiuiis i)t' tlie brain fiave taken up tlie radioactive siil> 
stance, and it produces a picture of a slice of the brain, 
showing die activity level of various regions in that slice. 
(See figure 5.24J) 

One of’ihe disadvantages ot PK r scanners is their op- 
eraiing cost. For reasons of safety the radioactive chemi¬ 
cals that are ailministered have very short half-lives; that 
is, they decay and lose their radioacttvilv very qiiickly. For 
exam])k% the hall-hfe of radioactive 2-DG is 110 mi in ties; 
the half-life of radioactive water (also used for PFT scans) 
is only 2 minutes. Because these chemicals decay so 
qnickK; they must be prtjdiieed on site, in an atomic par¬ 
ticle accelerator called a nrhtron. Therefore, to die cost of 
the PET scanner must he added the cost of the cvclotron 
and the salaries t>f'the personnel who operate it. 

'I'he most recent development in brain imaging is 
functional MRI (fMRI). Euigineers have devised modilT 
cations m existing MRI scanners that acquire images very 
rapidly and permit the measnrement of regional meiaii- 
olism by detecting levels of oxygen in the braiEi's blood 
vessels. Functional MRI scans fiave a higher resolution 
than PET scans do, and they can be acquired iiinch fasten 
Tims, diey reveal mesre detailed information about the ac¬ 
tivity of particular brain regions, (See Figure 5,25,) 

Measuring the Brain's 

Sometimes we are interested not in the general metabolic 
activity of pai ticular regions of die brain, but in the se¬ 
cretion ofspecific neurotransmilters or neuromodulators 
ill these regitnis. For example, snpjiose we know that 
aceiylcholinergic neurons in the brain stem parlieipate in 
the control of REM sleep. (The experiments that pro¬ 
vided this knowledge are described in the next section of‘ 
this cliapter.) One <if the characteristics of REM sleep is 
muscular paralysis, which prevenis us f rom getting out of 
heel and acting out our dreams. We deride to measure the 
secretion of acetylcholine in a region of the metiulla 
known to et>ntain glycine-secreting neurons lliai inliibit 
motor neurons in the spinal cord. To do so, we use a pro¬ 
cedure called microdialvsis. 

Dialysis is a process in which substances are separated 
by means of an artificial membrane that is permeable to 
some molecules but not others. A microdialysis prolie 
ctiiisists t)f a small metal tube that introduces a solution 
into a section of dialysis tubing—a piece of artificial mem¬ 
brane shaped in the form of a cylinder, sealed at the bot¬ 
tom. Anollier small metal tube leads the solution awav 
after it lias circuhued dirough the pouch. A drawing of 
such a probe is showai in Figure 5.26. 

We use stereotaxic surgery to place a microdialysis 
probe in a rat's brain so that die tip of the probe is 
located in the region we are interested in. We pump a 
small amount of a solution similar to extracellular fluid 


Figure 5.24 

PET scans of a human brain (horizontal sections). The top row 
shows three scans from a person at rest. The bottom row shows 
three scans from the same person ywhile he was clenching and 
unclenching his right fist. The scans show increased uptake of 
radioactive 2-deoxyglucose in regions of the brain that are 
devoted to the control of movement, which Indicates increased 
metabolic rate in these areas. Different computer-generated 
colors indicate different rates of uptake of 2-D6, as shown in the 
scale at the bottom. 



Courtesy of the Brookhaven National Laboratory and the State University 
of New York, Stony Brook. 


Figure 5.25 

A functional MRI scan of a human brain. Localized Increases in 
neural activity of males (left) and females (right) while they were 
judging whether pairs of written words rhymed. 



From Shaywitz, B. A., et aL, Nature. 1995, 373. 607-609, Copyright 1995 
Macmillan Magazines Limited, Reprinted with permission. 
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Figure 5.26 

Mkrodialysis. A dilute salt solution is slowly infused into the 
microdialysis tube, where it picks up molecules that diffuse in 
from the extracellular fluid. The contents of the fluid are then 
analyzed. 
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Dental 

plastic 


Dialysis tubing 



Fluid is pumped 
through inner cannula 


Fluid is collected 
and analyzed 


Skull 
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Substances in extracellular 
fluid diffuse through the 
dialysis tubing 
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Adapted from Hernandez. L., Stanley, 6- G,, and Hoebel. B. G iif& 
5c/ences, 1986,^9, 2629-2637. 


Figure 5.27 

PET scans showing uptake of radioaaive l-DOPA in the basal 
ganglia of a patient with parkinsonian symptoms induced by a 
toxic chemkaJ before and after receiving a transplant of fetal 
dopaminergic neurons, (a) Preoperative scan, (b) Scan taken 13 
months postoperatively. The increased uptake of l-DOPA indicates 
that the fetal transplant was secreting dopamine. 



(a) (b) 


Adapted from Widner, H., Tetrud. J., Rehncrona. S.. Snow, B,, Brundin, R, 
Gustavii, B.. Bjorklund, A., Lindvall, 0 . and Langston. J. W. /Vewfng/and 
Journal of M&dtane, 1992, 327, 1556-1563. Scans reprinted with 
permission. 


ihnnigl) t>ne of the small metal tubes itno ihv titalysis tul> 
iug. The fluid circulates thix)ugli the dialysis tiil>iug and 
passes llirougli the second metal tube, from which it is 
taken tor analysis. As the Ihud [passes through llie dialysis 
tubing, it collects molecules from the extracellular fltiid 
of the brain, which are pushed across the membrane by 
the iVnxe of difTusion. 

We analyze the contents of the fluid that has passed 
llirougli the dialysis tubing by an extremely sensitive aiia- 
Iviical metiiod. 7'his method is so sensitive that it can rle- 
tecT tieinotransniilters {and their l:)reakdown priKlucts) 
that, liav'e been released bv the terminal buttons and have 
escaped from the synaptic clelt into the rest of the extra¬ 
cellular fUnd. In fact, we find lliai the amount of acetyl¬ 
choline present in the extracellular fluid of the nucleus in 
the medulla does increase during RFM sleep. 

In a few special cases (for example, in uionitoring 
brain cheiuicals ofpeojile with inU acranial hemorrliages 
or head trauma), the microdialysis piocedure has been aj> 
plied lostudy of the liuinan brain, but ethical ixasons pre¬ 
vent us from doing so for research purptjses. Ftu tunaLely, 
there is a noninvasive wav to nieasure neurocbemicals in 
the human brain, .\ltliougli PET scanners are expensive 
machines, ibev are also versaule. They can he used to lo¬ 
calize AtV radioactive substance that emits positrons. 

As we saw in the prologue to C'hapier 4, sevei al years 
ago, several people injected themselves with an illicit 
drug that was coiuaminated with a chemical that de¬ 
stroyed their dopatniuergic neurons. As a result, they 
suffered from se^^■re parkinsonism. Rereuily, neiiro- 
sui geons used sieretAiaxic proceflures lo transplant fetal 
clopamiuergic neurons into the basal ganglia of some of 
these patients. Figure 5.27 shows PET scans of the Iji aiii 
of one of them. The patient was given an injection of la- 
dioactive i.-D()PA one hour before each scan was made. 
As vou learned in (Chapter 4, i.-l)OP.A is taken up by the 
terminals of dopaminergic neurons, where it is cou- 
veriecl lo dopamine; thus, the radioactivity shown in tlie 
scans indicates the presence of dopamine-seci cling ter¬ 
minals in the basal ganglia, Ttie scans show' the amount 
of radioactivity before (part a) and after (part b) the pa¬ 
tient receivetl tlie transjjlaiU, which greatly diminished 
li i s sy m f> toms. (Se e Figii re 5,2 7,) 


Stimulating Neural Activity 

So far, til is section has been eoneenied with research 
methods that nieasure the activity of specific regions of 
the brain. But .sometimes \vv may want to aniflciallv 
change the activity of these regions to see what effects 
these changes have on the aiiimaPs bel un ion For exam¬ 
ple, female rats w ill copulate w'iili males only if certain f e¬ 
male sex hormones are present. If wx remove llie rats’ 
ovaries, the loss of these hormones will aboli.sh their sex- 
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Hill behavior. We fbuncl in our earlier studies that \'MH lesions disrupt ibis l>ehavion 
Perhaps li we ficfivaknhc \'MH, will make up lor the lack of female sex hormones 
and tlie rats will copulate a^ain. 

f low do we activate neurons? VVe can do so bv electrical <u’ die mi cal siimulatiom 
Klecirical stimulation simply involves passing an electrical current ibrough a wire in¬ 
serted inlQ the brain, as vou saw in Fi^^tire 5.19. Chemical stimulation is usuallv ac- 

■ H 

complislied by injecting a small anuHiiit of an excitatory amino acid, sticli a.s kaiiiic 
acid or giutaniic acid, into the brain. As you learned in Chapter 3, the principal ex- 
cilatoi ) neurotransmiuer in the brain is glutamic acid (gltiiamale), and both of these 
dieiniealsstimuiaie gltiiamate receptors, ihtis activating the neurons on which these 
1 ecepttn s are located. 

In jections of chemicals into the brain can be dune tlirotigh an apparattis tltat is 
[permanently attached to the skull so that the animaPs behavior can be observed sev¬ 
eral limes. We place a metal cannula (a guide cannula) in an animaPs brain and ce¬ 
ment its top to the skidl. Ai a later date we place a smaller cannula of measured 
length inside the guide cannula and then inject a chemical into the brain. Because 
the animal is free to move about, we can observe tire effects of the injection on its 
behavior. (See Figtire 5.28.) Attimatian 5.J, Caumda Implanfationj shctws this surgical 
procedure. 

The principal tiisadvaniagc of chemical stimulation is that it h slightiv more 
complicated than electrical stimulation: chemical stiinnlatinn requires cannulas, 
lubes, special pumps or syringes, and sterile soltiiions of excitatorv amitio acitls. 
However, it has a distinct advantage over electrical stimulation: It activates cell bod¬ 
ies but nf>t axons. Because only cell bodies (and their dendrites, of course) cotnain 
glutamaie receptors, we can l>e assured that att injection of an excitatorv amino acid 
into a particular region of the brain excites the cells there, but not the axons of 


Animation 5.3. Cannula 
implantation, contains a 
video demonstrating the 
use of a stereotaxic apparatus to 
implant a cannula in the brain. 



Figure 5.28 

An intracranial cannula. A guide cannula is permanently attached to the skull, and 
at a later time a thinner cannula can be Inserted through the guide cannula into the 
brain. Chemicals can be infused into the brain through this device. 
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Ollier neurons that happen to pass tlinm^h tlie region. Thus, tlie elfecis ot chemi¬ 
cal stimulaiion are more kH’ali^.ecl ilian the eliecls ol electrical stimulation, 

^bu migln have iioiiced thai 1 just said lhai kainic acid, which I described ear¬ 
lier as a neurotoxin, can be used to stimulate neurons. Tliese two uses are not really 
conlradictorv. Kaiinc acid produces excilotoxic lesions by siimulatiug neurons to 
death. Whereas large doses of a concentraied solution kill neurons* small doses ol'a 
dilute soiutkm simply sutnulate them, 

Whai about ilie results of our experiment? In fact (as we shall see in Cdiaptei 9), 
\'MH stimulation f/ervsubsiitute for female sex hormones. Perila])s, then, ihe female 
sex hormones exert their ef fects in ibis luieleus. will see lunv to lest ihis hypoth¬ 
esis in the final section of this chapter. 


transcranial magnetic stimula¬ 
tion (TMS) Stimulation of the 
cerebral cortex by means of mag¬ 
netic fields produced by passing 
pulses of eiectncity through a coil 
of wire placed next to the skull; 
interferes with the functions of 
the brain region that is stimulated. 


Behavioral Effects of Electrical 
Brain Stimulation 

Siimulation of the brain of a freely moving animal ofien produces behavioral 
changes. For example, hvpollialamic siimulation can elicit behaviors such as feed¬ 
ing, drinking, grooming, allaek, or escape, a finding ibai suggests tliai ihe hypo- 
tliahimns is involved in their eunirol, Siimulaiion oi pan of tlie eandale nucleus 
ofien liahs ongoing behavior, wliieh suggests tliai tliis structure is involved in motor 
iiilnt>ition. Brain siimulation can serve as a signal for a learned task or can even 
sei ve as a rewarding or punisliing event, as we will see in Clhapler 12, 

Tliere are ]:)roblems in interpreiing die significance ofllie effects ol brain slim- 
ulatitHi, especially when il i.s produced with elecu icily. An electrical stimnlns (usu¬ 
ally a series of pulses) can never duplicate the natural neural processes that go on in 
ihe brain, fbe normal interplay of spatial and temporal patierns of excitation and 
inbibiiion is destroved bv die ariificial siimulation of an area. Flectrical brain siirn- 
ulaiion is probablv as naiural as attaching ropes to the arms ol’llie members of an 
orchestra and then sliaking all the ropes simultaneously to see what they can play. In 
fact, local siimulaiion is someiimes vised lo jirodnce a *'lemporary lesionby which 
the region is put out of commission by the meaningless artificial siimulation. 

Tile surprising finding is that stiimilation someiimes dim produce orderly 
change,s in behavior. This occurs wlien the stininlation takes place in regions of the 
brain that exert inodtilatorv functions on neural circuits locatetl in oilier parts of the 
brain. For examjde, ifie axons of acetyleliolinergic neurons in the basal forebrain in¬ 
nervate ninch of the cerebral cortex. If these neurons are anifleially siimulaied, the 
widespread release of acetvkdmhne activates ilie cerebral cortex and faciliiates in¬ 
formal ion processing taking place there. 

As we saw earlier in this cliapler, neural activity induces magnetic fields dial can 
be detecied bv means of magneioencephalography. Similarly, magnelic fields can be 
used lo stimulate neurons by inducing electrical currents in brain tissue. Transcra¬ 
nia] magnetic stimulation (TMS) uses a coil t>l wires, usually arranged in the shape 
of die numeral 8, to sdmulaie neurons in die human cerebral cortex. The stimulat¬ 
ing coil is placed on top oi the skull so iliat tlie cro.ssing point in the middle of die 
8 is located immediaiely above the region to be stimulaied. Pulses oOfeciricity seiul 
magnetic fields dial aciivaie neurons in die cortex. The effects are very similar to 
those of direct siimulation of the exposed brain. For example, as we shall see in 
Cliajncr ix sumuladon of a particular region of die visual association cortex will dis¬ 
rupt a peistnf s abilitv lo deieci movemenls in visual stimuli. In addition, TMS lias 
been used to treat the symptoms of ineiual disorders such as depression. 

Figure .^.29 slums an electromagnetic coil used in iranscranial magnetic stiimi- 
laiioii and its placement on a person's liead. (See Figure 5.29.) 
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Figure 5.29 

Transcrantal magnetic stimulation, (a) The coil used to apply the stimulation, (b) An illustration of 
the use of the coil. The wires on the man's face supply electrical current to light-emitting diodes, 
which provide reference points to keep track of head movements. 



Photographs courtesy of Michael Leventon and the MIT A1 Laboratory, 


INTERIM SUMMARY 


Recording and Stimulating Neural Activity 

When circuits of neurons participate in their normal functions, their electrical activity, meta¬ 
bolic activity, and chemical secretions increase. Thus, by observing these processes as an an¬ 
imal perceives various stimuli or engages in various behaviors, we can make some inferences 
about the functions performed by various regions of the brain. Microelectrodes can be used 
to record the electrical activity of individual neurons. Chronic recordings require that the 
electrode be attached to an electrical socket, which is fastened to the skull with a plastic ad¬ 
hesive. Macroelectrodes record the activity of large groups of neurons. In rare cases macro- 
electrodes are placed in the depths of the human brain, but most often they are placed on 
the scalp and their activity is recorded on a polygraph. 

Metabolic activity can be measured by giving an animal an injection of radioactive 
2-DG, which accumulates in metabolically active neurons. The presence of the radioactivity 
IS revealed through autoradiography: Slices of the brain are placed on microscope slides, cov¬ 
ered with a photographic emulsion, left to sit a while, and then developed like photographic 
negatives. When neurons are stimulated, they synthesize the nuclear protein Fos. The pres¬ 
ence of Fos, revealed by a special staining method, provides another way to discover active 
regions of the brain. The metabolic activity of various regions of the living human brain can 
be revealed by the 2-DG method, but a PET scanner is used to detect the active regions. An¬ 
other noninvasive method of measuring regional brain activity is provided by functional 
MRI, which detects localized changes in oxygen level. 

The secretions of neurotransmitters and neuromodulators can be measured by im¬ 
planting the tip of a microdialysis probe in a particular region of the brain. A PET scanner 
can be used to perform similar observations of the human brain. 

Researchers can stimulate various regions of the brain by implanting a macroelectrode 
and applying mild electrical stimulation. Alternatively, they can implant a guide cannula in 
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Table 5.2 



Research Methods: Part II 


1 

Goal of Method 

Method 

Remarks 



Record electrical activity of single 
neurons 

Record electrical activity of regions 
of brain 

Record magnetic fields induced by 
neural activity^ 

Record metabolic activity of regions 
of brain 


Glass or metal microelectrodes 


Measure nenroti’ansnlitters and 
neuromodulators released by neurons 

Measure neurochemicals in the living 
human brain 

Stimulate [iciiral aclivitv 


Metal macroelecirodes 

Magnetoencephalography; uses a 
neuromag!ieLometer, which contains 
an array of SQUIDs 

2-1) G autoi'adiography 

Measurement of Fos protein 

2-DG PET scan 
Functional MRI 

Microdialysis 
PET scan 

Electrical stimulation 


Chemical stimulation with excitatory 
amino acid 

Transcranial magnetic stimulation 


Metal microelectrodes can be 
implanted permanently to record 
neural activity as animal moves 

In humans, usually attached to the 
scalp with a special paste 

Can determine the location ofa 

group of neurons firing 

svTichronoiislv 
^ ■ 

Measures local glucose uiilijEation 
kleiuifies neurons dtat have recently 

4 

been stimulated 

Measui es regional metabolic activity* 
of human brain 

A wide variety' of substances can be 
analyxed 

Can localize any radioactive substance 
in the human brain 

Stimulates neurons near the tip ol the 
electrode and axons passing through 
region 

Stimulates only neurons near the tip 
of the cannula, not axons passing 
through region 

t 

Stimulate neurons in the human 
cerebral cortex with an electromagnet 
placed on the head 


the brain; after the animal has recovered from the surgery, they insert a smaller cannula and 
inject a weak solution of an excitatory amino acid into the brain. The advantage of this pro¬ 
cedure is that only neurons whose cell bodies are located nearby will be stimulated; axons 
passing through the region will not be affected. Transcranial magnetic stimulation induces 
electrical activity in the human cerebral cortex, which temporarily disrupts the functioning 
of neural circuits located there. 

Table 5,2 summarizes the research methods presented in this section. 




Neurochemical Methods 


I have already dcseribecl .some neurocheuiical methods in the coiUexi ol damag¬ 
ing or stimulating the brain or measuring neural activiiy. I'his section describes sev¬ 
eral other neurochemical methods that are useful in studying the [jhysiologv' of 
ixdiavior. 













Physicians discovered that exposure to insecticides that contained 
acetykhoiinesterase inhibitors coufd cause intense, bizarre dreams and 
waking hallucinations. 


Finding Neurons That Produce 
Particular Neurochemicals 

Siij^posc wc Iriini a ]:artit ulai’ clnij*; alTt'cis Ix^havioiv How would Wf j^o ahoul dis- 
covrriiijr ilic ticHiral t iiTuii.s dial inv rospotisible lor tlu’ drug's eliecis? io answer dus 
quesiion, let's take a s[>eci)le example, i^liysidaiis discovered several years a^o dial 
faiTii workers who had lieeii exposed to certain types ofinseclicicles (ilie or^anoplios- 
phates) 1 1 ad pardcidarly huense and bizai i e dreams and even reported having hah 
liui nations while awake. A plausible ex [dan ai ion lor ilicse symptoms is dial die drug 
siimulaies ihe nemal eircuils res[)onsible for dreaming. (After all, dreams are lialhe 
cinations thai we ha%'e while sleeping.) Ahei natively, die drug could disrupt inhibittiry 
mechanisms that dreaming wliile we arc awake. Other endence (which will not 

he desci iheci here) iiKlicates that the lormer livpoihesis is true: ()rganophospliaie in¬ 
secticides dii ecilv aclivate die neural cirrnit.s responsible for dreaming. 

Tlie flrsi que.siitni lo ask relates lo hi>w die organophospliate insecticides work. 
Pharmacologists have die answer: These drugs ai e aeeiylcholinesierase inhibitors. As 
you learnecl in f-liapier4, acetvkiiolinesterase iidiiliiioi s are potent acetylcholine ag^ 
onists. By inhibiting A(4iK, die drugs prevent the rapid desiruciion td’ACIh after it 
is released hy lerminal huitonsand duis prolong the postsviiapiic potentials ai aceiyh 
cholinergic synapses. 

Now that wv understand the action of the insecticides, w e know that these drugs 
act at acctylcholinergic synapses. \Miat neurochemicai metliods should we use lo 
discover the sites of action of the drugs in the hi ain? There are three possibilities: 
We could look for neuifuis that contain acetylcholine, wc could look for the enzvme 
acetylcholinesterase (which must be present in the postsvna[>tic membranes i>f cells 
that receive synaptic input from acetylcholinergic neiiions), or w'e could look h>r 
acetylcholine receptors. Lei's see iunv these three methods work. 

First, let's consider metliods by which w^e can localize particular neurochemicals, 
such as neurotransniittcrs and neuromorhilaicjrs. (In our case we are interested in 
acetylcholine.) There are two basic ways of localizing nenrocliemicals in tlie brain: 
localizing the chemicals themselves or the enzymes that produce them. 

Peptides (or proteins) can be localized direedy hy means of immnnocyto- 
chemical methods, which were described in the Hi st section of this chapter. Slices of 
brain tissue are exposed to an antilnidy for the pc[}tidc, linked to a dve (usually, a 
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lluorescnit ciye). 7'lie slices are ilien cxatniiiffl under a inicnjscope using liglit of a 
particular wavelengili. For example. Figure sliows the location ot axojis in tlic 
lorel^rain that couiain vaso[>ressin, a ]>eptide uein’otratismiuei. Two sets oi’axonsare 
slu>wn. Otie set. wlilch I’orms a cluster arciund the ihii cl veiuricle ai tlie base of the 
brain, sliows up as a rusty color. The other set. scattered through the lateral septum, 
looks like strands td gold libers. (As you can see, a pro])erly stained brain section can 
l>e beautiful. See Figure 5.W.) 

liiit we are interested in acetylclu)line, which is m>t a peptide. Therefore, we 
cannot itse inimunocvtochemical methods to find this neurotransmilter. However, 
we can use these methods to localize liie enzyme that produces it. The syniliesis of’ 
acetylc bolt tie is made possible bv the enzyme choline acety It ran sf erase {C’hAT). 
Tints, neurons that contain this enzyme almixst certainly secrete AC^n Figure 
shows acetylcholinergic tieurotis in ilie pons that have been identified by means of 
immimocviochemistry: the brain tissue was exposed to an aniibtxly to C^liAf at¬ 
tached to a thio!escent dye. (See Figure 5.3/.) 


Figure 5.30 

Localization of a peptide by means of Immunocytochemistry. The 
photomicrograph shows a portion of a frontal section through 
the rat forebrain. The gold- and rust-colored fibers are axons and 
terminal buttons that contain vasopressin, a peptide 
neurotransmitter. 



Courtesy of Geert DeVries. University of Massachusetts 


Localizing Particular Receptors 

.\s we saw in Cdnif>ters 3 and 4, nenrutransmitiers, neu- 
rutnndulaturs, and hunnones convey their me.ssages to 
theii‘ Lai get cells by binding with receptors, '['be location 
of these receiptors can be ticterminetl by two different 
procedures. 

The brst procedure uses autoradiography, VVe ex- 
pcist* slices nl'braiu tissue to a solution eoutaiiiiiig a ra¬ 
dioactive ligand [dr a particular receptor. Next, we rinse 
the slices so that the oulv radioactivity remaining In 
liiein is that of the molecules oi the ligand bound to 
tlieir receptors. Finally, we use atnoracliograpliic meili- 
ods to localize the radioactive ligand—and thus the re- 


Figure 5.31 

Localization of an enzyme responsible for the synthesis of a 
neurotransmitter, revealed by immunocytochemistry. The 
photomicrograph shows a section through the pons. The orange 
neurons contain choline acetyltransferase, which implies that they 
produce (and thus secrete) acetylcholine. 



Courtesy of David A. Morilak and Roland CiaraneJIo, Nancy Pritzker 
Laboratory of Developmental and Molecular Neurobiology Department of 
Psychiatry and Behavioral Sciences, Stanford University School of Medicine. 
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ccptois* Fit^urc 5uV2 shows ao example <>i the results of 
this proecdin e. We see an amoradiogram oi' a slice of a 
rat’s brain that was soaked in a solution that contained ra¬ 
dioactive morphine, wliicli botiud wiifi the brain’s opiate 
receptors. (See Figure 5.32.) 

The second procedure uses immunocytochemisli y. 
Kecej^lois are proteins; iliereldre, we can produce anti¬ 
bodies against them. We expose slices of In ain ti.ssue to 
the ap])ropriaie antil:)ody (labeled with a nuorescent dye) 
and look at the slices with a microsco]>e under light of a 
particttlar wavelength. 

L.et’s apply the method for localizing receptors to the 
first line oi' investigation we considered in this chaplen 
the I'ole of the ventromedial hypothalamus in the 

sexual beltavior tif female rats. As we saw, lesions of the 
VAIH abolish this behavior. We also saw iliai the behavior 
does not occtir if the rat s ovaries are reim>ved but that it 
can be activated by stimulation of the VAIH waih electric- 

I* 

iiy or an excitatory amino aci<k Ihese restilis sttggesi that 
the sex horinones produced by tiie ovaries act on neurons 
in ili(' VMM, 

This hvpolhesis suggests two experiments. First, we 
could use the [>rocednre shown in Figure 5.2S to [ilace a 
small amount of the appropriate sex hoimone directly 
into the VMi J of female rats whose ovaries we had previ¬ 
ously removed. As w’e shall see in (Simpler 9, iliis prcjce- 
dure works; the hormone tlmw reaciivate the animals’ 
sexual behavior. Fhe second experiineni \vould use au¬ 
toradiography lo look tor the receptors for tlie sex hor¬ 
mone. We would expose slices of rat brain to the 
radioactive horimme, rinse them, aiul perlbi in atitoradi- 
ogra[>hy. Il vve ditl so, we wtntld indeed hud radioactivity 
in the VMM. ( And if we compared slices from the brains 
of female and male rats, we wxnild find evidence of more 
hoi inone receptors in the females’ brains,) We could also 
use innnunocvuichemistrv to localize the hormone re- 
cepiors, and we would obtain the same results. 


Figure 5.32 

An autoradiogram of a rat brain (horizontal section, rostral is at 
top) that was incubated in a solution containing radioactive 
morphine, a ligand for opiate receptors. The receptors are 
indicated by white areas. 



From Her ken ham, M, A„ and Pert, C. B Journaf of /Vei/rosc/ence 1982, 2. 
1129-1149 Copyright 1982 by the Society for Neuroscience 


INTERIM SUMMARY 


NeurochemicaL Methods 

Neurochemical methods can be used to determine the location of an enormous variety of 
substances in the brain. They can identify neurons that secrete a particular neurotransmit- 
ter or neuromodulator and those that possess receptors that respond to the presence of 
these substances. Peptides and proteins can be directly localized, through immunocyto- 
chemkal methods; the tissue is exposed to an antibody that is linked to a molecule that 
fluoresces under light of a particular wavelength. Other substances can be detected by im- 
munocytochemical localization of an enzyme that is required for their synthesis. 

Receptors for neurochemicals can be localized by two means. The first method uses au¬ 
toradiography to reveal the distribution of a radioactive ligand to which the tissue has been 
exposed. The second method uses immunocytochemistry to detect the presence of the re¬ 
ceptors themselves, which are proteins. 

Table 5.3 summarizes the research methods presented in this section. 
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Table 5.3 

r 

Research Methods: Part lU 

1 

Goal of method 

Method 

Remarks 

Idenufy neurons producing a 
particular n euro mans ml iter or 
neiimmodulator 

Inimunocvtochcmical localization of 

f 

peptide or protein 

ImmunocvTochemical localization of 
enzyme responsible for s\iithesis of 
substance 

Requires a specific antibody 

Useful if substance is not a peptide 
or protein 

Icieiuifv neurons that contain a 
particular lype of receptor 

Autoradiographic localizalion of 
radioactive ligand 



! minunocyiocbeniical localizalion 
of receptor 

Requires a specific antibody 


d 

Genetic Methods 



All iK'liavior is dett-rininefl by iiiiftacTioiis b{"tvwt‘n an iiulividuars bj aiii and Ids nr 
licr environnuMU. Many behavioral charactei isties—such as talents, personaliiy varU 
ables arul mental disorders—seem to run in lamilies. T his fact stt^gesLs tliat genetic 
lacluis may jjlay a role in the deveU^pment of piiysit>i<jgical dilTerences that are ullU 
niaiely responsible idr these characterisiies. In some cases the genetic link is very 
clear: A defective gene inter feres with brain devehrpniem. and a netirofogical afv 
normality causes behavioral deficits. In other cases tlie links between heivdity and 
behavior are mncfi more subtle, and special genetic methods must he used to reveal 
them. 


Twin Studies 



Twin studies provide a powerful method for estimating the 
reiative roles of heredity and environment in the development 
of particular behavioral traits. 


A powei I’til inetfvod for esiimatliig the influence of heredity on a particular trait is 
to compare tlic (vnafrflattre irtfr tor this n ail in [>airs td' mono/.ygotic and di/.ygoiie 

twins. Mono/ygoiic twins (identical twins) have identical 
genotypes—dial is. their chromosomes, and the genes they 
contain, are identical. In contrast, llie genetic similarity he- 
nveen dizvgotir twins (fraternal twins) is. on die average. 5(f 
percent. Investigat(>rs study records to identify pairs of 
twins in which at least tme membei' has the trait—for ex¬ 
ample. a diagnosis of a particular mental disorder. If both 
twins have been diagnosed with this disorder, they are said 
to be wNrordani. If only one has received this diagnosis, the 
twins are said to be disamifftti. Thus, if a disoj cler has a ge¬ 
netic: basis, the percentage of moncjzygotrc twins who are 
concordant for tfie ciiagnosis will be liigher than die per¬ 
centage of dizygotic twins. For example, as we will see in 
Cdiapter 1.5. the concordance rate for sclii/ophrenia in 
twins is at least four times higher for mont>/ygniic twins 
than for dizygotic twins, a finding chat j^rovides strong evi¬ 
dence that schizophrenia is a heritable trait. Twin studies 
have funnd that many individual characteristics, including 
personality traits, prevalence of‘obesity, incidence ofalco- 
liolism, and a wide variety of mental disorders, arc influ¬ 
enced by genetic factors. 
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Adoption Studies 


Another meiiioti for estimating tlie lieriiability of a particular liehavioral n ail is to 
compare people who were adopted early in life with their biological and ack>plivc 
parents. All behavioral traits are affected to some degree by hereditary factors, en- 
^'ironmental factors, and an interaction between hereditarv and environmental fac- 
tors. F.nvironmental factors arc h<)th social and biological in nature. For example, 
the mother's health, nutrition, and drug-taking beliavitn during pregnancy are pre¬ 
natal environmental I'actors, and the child's diet,, medical care, and social environ¬ 
ment (both inside and outside the home) are postnatal environ mental factors. If a 
child is adopted sot>n after birth, most of the postnatal environmental factors will he 
associated witli the adoptive parents, the genetic factors tviII be associated with the 
biological parents, and the prenatal enx'ironmemal factors will be associated with 
the biological motlien 

Adoption studies require dial the investigator know^ the identity of the [>arentSQf 
the people being studied and he able to measure the beliavioral trait in the biologi¬ 
cal and adoptive parents. If the people being studied strongly resemble their biolog¬ 
ical parents, we conclude that the trail is probably innuenced by geneiic [actors, 'Fo 
be certain, we will have to rule out possible differences in the prenatal environment 
of tile adopted children. If, instead, the people resemble their adoptive parents, we 
eoncliide that the Iran is influenced by environmental factors, (It would take fin ther 
study to determine just what these environmental factors might be,} Of course, it is 
possible that both hereditary and envirfnimental factors play a role, in which ca.se the 
people beitig studied will resemble Ixiih their bir>logical and adoptive parents. 


Targeted Mutations 

A recently devek>peti method has put a powerful tool in the hands ol nenrosciemisis. 
Targeted mutations are mutated genes produced in the laborai<jry and inserted into 
the chromosomes of mice. These mutated genes (also called knocktnit genes) are 
defective—They fail to produce a functional protein. In many cases the target of the 
niiUation is an enzyme that controls a particitlar chemical reaction. For example, we 
will see in Chapter \2 that lack of a particular enzyme interferes with leaining. Fins 
result .suggests that the enzyme is partly responsible for changes in the structure of 
synapses required for learning to occur. In other cases the target ofThe mutation is 
a protein that itself serves useful functions in the cell. For example, we will see in 
Clhaptcr i b that a particular type of opiate receptor is involved in the reinforcing and 
analgesic effects of oj^iates. 


INTERIM SUMMARY 


Genetic Methods 

Because genes direct an organism's development, genetic methods are very useful in stud¬ 
ies of the physiology of behavior. Twin studies compare the concordance rates of monozy¬ 
gotic (identical) and dizygotic (fraternal) twins for a particular trait. A higher concordance 
rate for monozygotic twins provides evidence that the trait is influenced by heredity. Adop¬ 
tion studies compare people who were adopted during infancy with their biological and 
adoptive parents. If the people resemble their biological parents, evidence is seen for genetic 
factors. If the people resemble their adoptive parents, evidence is seen for a role of factors 
in the family environment. 

Targeted mutations permit neuroscientists to study the effects of a lack of a particular 
protein—for example, an enzyme, structural protein, or receptor—on an animal's physio¬ 
logical and behavioral characteristics. 


targeted mutation A mutated 
gene (also called a "knockout 
gene') produced in the laboratory 
and inserted into the chromo¬ 
somes of mice; fails to produce a 
functJonal protem 
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THOUGHT QUESTIONS 

1 . You have probably read news reports about studies of the genetics of human behav¬ 
ioral traits or seen them on television. What does it really mean when a laboratory 
reports the discovery of, say, a ''gene for shyness"? 

2, Most rats do not appear to like the taste of alcohol, but researchers have bred some 
rats that will drink alcohol in large quantities. Can you think of ways to use these 
animals to investigate the possible role of genetic factors tn alcoholism in humans? 


EPILOGUE 


Watch the Brain Waves 


What went wrong? Why did Mrs, H/s 
"successfuT surgery cause a neurologi¬ 
cal problem? And can anything be done 
for her? 

First, let's consider the cause of the 
problem. As you will recall, a machine— 
an artificial heart—circulated Mrs. H.'s 
blood while the surgeon was removing 
two of her coronary arteries and replac¬ 
ing them with veins taken from her leg. 
The output of the machine is adjustable; 
that is. the person operating it can con¬ 
trol the patient's blood pressure. The 
surgeon tries to keep the blood pressure 
just high enough to sustain the patient 
but not so high as to interfere with the 
delicate surgery on the coronary arter¬ 
ies. Unfortunately, Mrs. H/s coronary ar¬ 
teries were not the only blood vessels to 
be partially blocked; the arteries in her 
brain, too, contained atherosclerotic 
plaque. When the machine took over 
the circulation of her blood, some parts 
of her brain received an inadequate 
blood flow, and the cells in these re¬ 
gions were damaged. 

If Mrs. H.'s blood pressure had been 
maintained at a slightly higher level dur¬ 
ing the surgery, her brain damage might 
have been prevented. For most patients, 
the blood pressure would have been suf¬ 


ficient, but in her case it was not. Mrs. 
H.'s brain damage is irreversible, but are 
there steps that can be taken to prevent 
others from sharing her fate? 

The answer is yes. The solution is to 
use a method described in this chapter: 
electroencephalography. What we need 
is a warning system to tell the surgeon 
that the brain is not receiving a suffi¬ 
cient blood flow so that he or she can 
adjust the machine and Increase the pa¬ 
tient's blood pressure. That warning can 
be provided by an EEG. For many years, 
clinical electroencephalographers (spe¬ 
cialists who perform EEGs to diagnose 
neurological disorders) have known that 
diffuse, widespread brain damage 
caused by various poisons, anoxia, or ex¬ 
tremely low levels of blood glucose pro¬ 
duces slowing of the regular rhythmic 
pattern of the EEG. Fortunately, this pat¬ 
tern begins right away, as soon as the 
damage commences. Thus, if EEG leads 
are attached to a patient undergoing 
cardiac surgery, an electroencephalogra- 
pher can watch the record coming off 
the polygraph and warn the surgeon if 
the record shows slowing. If it does, the 
patient's blood flow can be increased 
until the EEG reverts to normal, and 
brain damage can be averted. 


Mrs. H. was operated on over 15 
years ago, at a time when only a few 
cardiac surgeons had their patient's 
brain waves monitored. Today, the prac¬ 
tice is common, and It is used during 
other surgical procedures that may re¬ 
duce blood flow to the brain. For exam¬ 
ple, when the carotid arteries (the ves¬ 
sels that provide most of the brain's 
blood supply) become obstructed by ath¬ 
erosclerotic plaque, a surgeon can cut 
open the arteries and remove the 
plaque. During this procedure, called 
carotid endarterectomy, clamps must be 
placed on the carotid artery, completely 
stopping the blood flow. Some patients 
can tolerate the temporary clamping of 
one carotid artery without damage; oth¬ 
ers cannot. If the EEG record shows no 
slowing while the artery is clamped, the 
surgeon can proceed. If it does, the sur¬ 
geon must place the ends of a plastic 
tube into the artery above and below 
the clamped region to maintain a con¬ 
stant blood flow. This procedure intro¬ 
duces a certain amount of additional risk 
to the patient, so most surgeons would 
prefer to do It only if necessary. The EEG 
provides the essential information. 


r key CONCEPTS 1 


EXPERIMENTAL ABLATION 

1. .\euroscit"ntists produce bi ain lesions to u y to inler 
ilie fUnctioiis ai tlic daniajTed region Ironi elianges 
in the animals' Ixdiavior. 


2. lh ain lesions mav be produced in the depllis of ihe 
brain bv passing elecirical cur rein ilirongli an elec¬ 
trode placed there or bv iiilnsing an exciiatoi y amino 
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acifl; tlie laitor iiieiliod kills cells but spares axons 
that pass iliifui^h \ hv region. 

‘k rile behavior of animals with brain lesions must be 
conij^ared with that of a control group consisting of 
animals with sham lesions. 

4, A stereotaxic apparatus is used to place elecli odcs 
or caniuilas in pariicniar locations in the brain. The 
coordinates are oblaiued from a stereotaxic atlas. 



tological methods, svluch include hxatiou, slicing, 
staining, and examinaiion of the tissue under a 
microscope. 


b* Special histological methods have been devised to 
trace the afferent and efferent connections of a par¬ 
ticular brain region. 

7. The sLi ucture of the living human brain can he re¬ 
vealed thi ougb CT scans or MRf scans. 


RECORDING AND STIIVIULATING 
NEURAL ACTIVITY 


8. The electrical activity of single neurons can be 
recorded witfi microelectrodes, and lliai of entire le¬ 


gions of the brain catt be recoi‘de<l with macroelec¬ 
trodes. EEGs are recorded on polygraphs and 
recorded from macroelectrodes pasted on a per¬ 
son's scalp. 

9. Metabolic activity of particular parts of animals’ 
brains can be assessed by means of 2-DG auioradi- 


f)graplTv or by measurement of the pifiductioii of 
Fos pi olein. The metabolic activity oi sj^ccific re¬ 
gions oi’ the human brain can be revealed through 
PET scans or fnnclioiial MR! scans. 


10. Microdialvsls [^ei inits a iTst*archer to measure llie se¬ 
cretion (4 particular chemicals in specific regions of‘ 
tile brain. 


11. Neitron.scan be stimulated electrically, through elec- 
tixKles, or chemically, by infusing flilnie solutions of 
excitatory anhufj acids through cannulas. 


NEUROCHEMICAL METHODS 

T2. Immunocyiochemical metluKls can be used to local¬ 
ize pej^tides in the brain or localize the enzymes that 
produce substances other than peptides. 

13. Receptors can be localized by exposing the brain tis¬ 
sue to radioactive ligands and assessing the results 
with ainoradiography or immimocytocliemisiry. 


GENETIC METHODS 

14. Twin studies and ado])tion studies enable investiga¬ 
tors to estimate the role of herediiarv factors in a 
particular physiological cliaractenstir or behavior. 

15. Targeted mulalions are artificially produced nuiia- 
tious that interfere with the action of one or more 
genes, which enables investigators to study the ef¬ 
fects of the lack of a particular gene product. 
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CHAPTER OUTLINE 


Vision 



I 


A 

i ' 


■ The Stimulus 

■ Anatomy of the Visual 
System 

The Eyes 

Photoreceptors 



1. Describe the characteristics of light and color, outline the anatomy of the eye and 
Its connections with the brain, and describe the process of transduction of visual 
information. 


Connections Between Eye and 
Brain 

INTERIM SUMMARY 

■ Coding of Visual 
information in the Retina 

Coding of Light and Dark 

Coding of Color 

INTERIM SUMMARY 

■ Analysis of Visual 
Information: Role of the 
Striate Cortex 

Anatomy of the Striate Cortex 

Orientation and Movement 

Spatial Frequency 

Retinal Disparity 

Color 

Modular Organization of the 
Striate Cortex 

INTERIM SUMMARY 

■ Analysis of Visual 
Information: Role of the 
Visual Association Cortex 

Two Streams of Visual Analysis 

Perception of Color 

Analysis of Form 

Perception of Movement 

Perception of Spatial Location 

INTERfM SUMMARY 


2, Describe the coding of visual information by photoreceptors and ganglion cells in 
the retina. 


3- Describe the striate cortex and discuss how its neurons respond to orientation, 
movement, and spatial frequency. 

4. Discuss how neurons in the striate cortex respond to retinal disparity and color, 
and explain the modular organization of striate cortex. 

5< Describe the anatomy of the visual association cortex and discuss the location and 
functions of the two streams of visual analysis that take place there. 

6p Discuss the perception of color and the analysis of form by neurons in the ventral 
stream. 


7. Describe the two basic forms of visual agnosia: apperceptive visual agnosia and 
associative visual agnosia. 

B, Describe how neurons in the visual association cortex respond to movement and 
location and discuss the effects of brain damage on perception of these features. 








PROLOGUE 


Seeing with His Hands 


One Sunday morning, a coMeague called 
me and asked whether I would like to 
meet him at a nearby hospital to inter¬ 
view a patient with an interesting disor¬ 
der. I joined him there and met a 
pleasant man in his mid-thirties, Mr, M. 
had sustained brain damage from an in¬ 
flammatory disease that affected the 
blood vessels in his brain. His speech ap¬ 
peared to be normal, but he had great 
difficulty recognmng objects or pictures 
of them. We went through a book of 
pictures that is ordinariJy used to test 
children's vocabularies, and we found 
that he was unable to say what many of 
them were. However, he sometimes 
made unintentional gestures when he 
was studying a picture that gave him 
enough of a clue to identify it. For ex¬ 
ample, on one occasion while he was 


puzzling over a picture of a cow, he held 
his fists together and started making al¬ 
ternating up-and-down movements 
with them. Unmistakably, he was acting 
as if he were milking a cow. He looked 
at his hands and said, "Oh, a cowt" He 
laughed, "I live on a farm, you know." 

We later learned that his tendency to 
make movements that helped him "see" 
things was first discovered by a speech 
therapist. The brain damage had de¬ 
stroyed his ability to read as well as to 
recognize objects, and she was trying to 
help him regain this ability. She wanted 
to capitalize on the potential of his visual 
perceptions to trigger automatic hand 
movements, even though he could not 
describe those perceptions in words. 
Therefore, she decided to try to teach 
him the manual alphabet used by deaf 


people, in which letters are represented 
by particular hand and finger move¬ 
ments. (This system is commonly called 
finger spelling.) She showed Mr. M. a let¬ 
ter and asked him to say what it was. He 
was unable to do so. Then she held his 
fingers and moved them into the posi¬ 
tion that "spelledthe letter. Over sev¬ 
eral sessions she was able to teach him to 
make the proper movements, which he 
could do even though he was unable to 
say what each letter was. Once his fingers 
moved* he could feel their position and 
say what the letter must be. He was able 
to use this ability to read whole words; 
he looked at individual letters of a word, 
made the appropriate movements, ob¬ 
served the sequence of letters that he 
spelled, and recognized the word. The 
process was slow, but it worked. 


A s we saw in (*l;H|>tcr 3, the brain ])erlt>nns iwo inajur Innitions: It cmuruls tlie 
inuveinenis of llif nuisclt-s, useful ]>c]iaviors, and it legulales tlic 

Ixidy’s iniei nal cnvironineiit. To perform tjoili these tasks, die brain miisi lie 
iniViruied alxmi wlial is liappening bodi in ilic exlei iial environment and witliin ilie 
body. Siicfi information is received by tlie sen.sory sysLeins. Tliis cliapter and the next 
are devoted to a discnssiirn ol the ways in wbicli sensorv orj^ans detect chaiif^es in 
the eiiviI oilment and the ways in wliieli the lirain interprets neural sif^nals f rom iliese 
organs. 

We receive information alunit the environment from sensory receptors—spe- 
ciali/.ed neurons dial detect a variety t>f physical events. (Do not eoiifnse Ac/ewry re- 
fe//r(fr\ witfi receptors for nenrniransmitters, nenromudnlators, ami hormones. 
Sensory receptors are s]>eciaii/ed netiroiis, and die other types of receptors arc spe¬ 
cialized proteins that bitid with certain moleenles.) Stimuli impinge on die receptors 
and, tlirongh various pn>ce-sses, alter llieir membrane jjotentials, Tliis process is 
known as sensory transduction because sensory events are fratis^Iureri (^transferred'') 
into changes in the cells' membra tie ]Dolential. Tliese electrical changes are called 
receptor potentials. Most receptors lack axons; a p<n tion of dieir somatic membrane 
forms synapses with the dendrites tjfodier neurons. Receptor potentials affect the 
release of nenroLransniitters and lienee modiiV die jjattern fjf firing in neurons witli 
wiiicli iliese cells form synapses. Ullimately. the information readies the brain. 

Tliis dia[>ter considers vision, the sensory tnt>dalily that rccches the most at- 
teiinon from [isycliologisis. anatomists, and f>hysiok>gists. One reason fbt ibis atten¬ 
tion flerives from the fa.scinaiing complexity of the sensory organs of vision and the 
relatively large projjoriion t>f the brain that is devoted to ilie analvsis of visual inj'or- 
maiion. Another reason. I am sure, is that vision is so inijioi tant to ns as iiulividuals. 
A natural fascination with sncli a ridi source ofdnformation alioni the ivorld leads 
to enriosity about liow this sensory niodaht) works. Ohapter 7 deals widi llie other 
sensory niodaliiies: andition, tlie Vi‘Stibnlar senses, the somatoseuses, gnstalioii* and 
ol f at hom 


sensory receptor A specialized 
neuron that detects a particular 
category of physical events, 

sensory transduction The pro¬ 
cess by which sensory stimuli are 
transduced into slow, graded re¬ 
ceptor potentials. 

receptor potential A slow, 
graded electrical potential pro¬ 
duced by a receptor cell in re¬ 
sponse to a physical stimulus. 
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^ CHAPTER 6: Vision 


6.1 

The electromagnetk spearum. 



400 


Wavelength in nanometers 
500 600 


700 



The visible spectrum 



Gamma 

rays 

X*rays 

Ultraviolet 

rays 


Infrared 

rays 

Radar 

Television and radio 
broadcast bands 

AG circuits 



f The Stimulus 


hue One of the perceptual di¬ 
mensions of color; the dominant 
wavelength. 

brightness One of the percep¬ 
tual dimensions of color; intensity. 

saturation One of the percep¬ 
tual dimensions of color; purity. 

accommodation Changes in the 
thickness of the lens of the eye, 
accomplished by the ciliary mus¬ 
cles, that focus images of near or 
distant objects on the retina. 

retina The neural tissue and 
photoreceptive celts located on 
the inner surface of the posterior 
portion of the eye. 

rod One of the receptor cells of 
the retina; sensitive to light of fow 
intensity. 

cone One of the receptor cells 
of the retina; maximally sensitive 
to one of three different wave¬ 
lengths of light and hence en¬ 
codes color vision. 

photoreceptor One of the re¬ 
ceptor cells of the retina; trans¬ 
duces photic energy into electrical 
potentials. 

fovea (foe vee a) The region of 
the retina that mediates the most 
acute vision of birds and higher 
mammals. Color-sensitive cones 
constitute the only type of photo¬ 
receptor found m the fovea. 


A.s wo all know, out eyes clcioct the prescMice of li^lu. For liiiinans light is a narrow 
hand of the spectrum of electromagnetic radiation. Elecirojiiagneiic radiation with 
a wavelength between S80 and 7h() niii (a nanotneter, nm, is one-billionth of a me¬ 
ter) is visible to ns. (See Figttre 6,L) Other animals can detect different ranges of 
electromagrtelie radiation. For example, lioneybees can delect difieiences in ultiTi- 
vit)let radiation reflected by fUnvers tliai appear wliite to us. The range of wave- 
lengtlis we call H0it is not qualitatively different from the rest of the electromagnetic 
specti iun; it is siinply the part of tlie coiuinuuin that we humans can see. 

The perceived color of light is determined by three dimensions: hur^ sniination^ 
and L.ight travels at a constant speed of appi’oximatelv .Sl)0,0()0 kilomeLcrs 

(18b,00h miles) per second. Thus, if the frequency of oscillation of the wave varies, 
the distance between tlte peaks of the weaves will similarly vary, l)ui in inverse Jash- 
ion. Slower oscillations lead to longer w'aveiengifrs, and faster ones lead to shorter 
wavelengths. Wavelength deteniiines die first of the three [>erce]jinal dimensions oi‘ 
light: hue. The visible spectrum displays the range oi hues that our eyes can detect. 

l.iglH can also vary in intensity; wide It corresponds to the second perceptual di- 
iiiension of light: brightness* If the huensity olThe electromagnetic ratdation is in¬ 
creased* the apparent brightness increases, too. The iliird dimension, saturation^ 
refers to the relative purity ofthe light that is being perceived. If all the radiation is 
of one wavelength, the perceived color is pure, (>r IVillv .saturated. Ck>nveiseK; if the 
radiation contains all wavelengths, it prf>duces no sensation of hue—^ii appears 
white. Ckdors with intermediate amounts of saturation consist ofdilferent mixtures 
of wavelengths. Figure Ik 2 slunvs some color samples, all with tlie same hue hut with 
dilTereni levels of brightness and saturation. (See Fi^tre6.2.) 


i 


Anatomy of the Visual System 


For an iiulividiial to see, an image must he focused on lire retina, the inner lining of 
the eve, fhis image causes clianges in the electrical activity ol tnillions ol neurons in 
the retina, w'hicli results in mes.sages being sent ihiough the o[>tic nerves to the rest 
of the brain. (I said "the rest” because the retina is actually part fTihe brain; it and 
the optic nerve are in the central—not peripheral—nervous system.) This section 
describes die anatomy of the eyes, the plioloreceptors In the retina tliat detect the 
pi essence of light* aiul the connections between die retina and the brain. 
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Some animals, such as this honeybee, can detect wavelengths 
of etectromagnetk radiation that are invisible to us. 


The Eyes 


Figure 6.2 


Tlic eyes are suspended in ilie orhits^ bniiy pockets In the iVoiit t>f’the skull, I'hey are 
held in place and moved by six extraocular muscles attached to the tough, white 
outer coal of the eve called the sdem. Nonnaily; we canniH look beliiiid our eyeballs 
and see these muscles, because their attachments to the eves are liidden hv the mh 
jtinr/hrfi. These miicons membranes line ilie evelid and Ibid back lo attach lo the eye 
(thus ]:jreveniing a contact lens that has slipped offdhe cornea from "falling behind 
die eye"). Figure illustrates the anaiomy of the eye. (See Figure 6.X) 

riie outer layer of most of die eve, the sclera, is opaque and dtjes not permit enti v 
of light, I lowevei; ihe cornea, ihe ouiei' layer at ihe Ironi o!‘ihe eye, is transparern and 
arlmits fight. Fhe amoum oi liglii that enters is regulated by the si/.e the [lupik which 
is an o[K-ningin the iris, the pigmented ring of nmscles si mated beiiind the cmnea, Ihe 
lens, situated immediately beliind the iris, consists of a scries of ti ansparcnl, onioiiiike 
layers. Its sha[je can be altered by conti action of the ciliary muscles. 

These cliangcs in shape permit the eye to fbciis images of‘ near or 
distant objects on the retina—a jirocess called accommodation. 

After passing throtigh the lens, light traverses the main |iai't of 
the eve, which is fillefl with jtihrous hutrior ("glassv lifjuifr'), a clear, 
gelatinous substance. After f>assing through the vitreous humor, 
lighl fails cm the retina^ the interior lining of tfie back of the eye. 

In the retina are located the receptor cells, the rods and cones 
(named for their shapes), colleclively known as photoreceptors, 

Tlie human retina contains approximately FiO million rods 
and b million cones, Althongli they are greatly emtnumbered by 
rods, cones provide us with most of die information about our en- 
vironmeni. In particular, ihev are responsible for our davtime vi¬ 
sion. They provide us with informaiicm ah(>nt small features in the 
environment and lliusare tlie source of\isiun ol tlie liighest sharp¬ 
ness, or amtiy (from arns, *'ueedle"). Tfie fovea, or central region 
of tlie retina, which mediates our most acute vision, contains oiilv 
cones. (a>nes are also responsible for color vision—our abihh’ to 
discriminate lighl of different wavelengths. Ahfiongli rods do not 


Examples of colors with the same dominant 
wavelength (hue) but different levels of saturations or 
brightness. 


Decreasing 

saturation 


Increasing 

saturation 


Increasing 

brightness 







Decreasing 

brightness 
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Figure 6.3 

The human eye. 



Blood vessels 


Conjunctiva (merges 
with inside of 
eyelids) 

Cornea 


nerve 


Layers of retina 


Vitreous humor (upper 
half has been removed) 


Pupil (opening 
in iris) 


Sclera 


optic disk The location of the 
exit point from the retina of the 
fibers of the ganglion cells that 
form the optic nerve, responsible 
for the blind spot 

bipolar cell A bipolar neuron 
located in the middle layer of the 
retina, conveying information 
from the photoreceptors to the 
ganglion cells. 

ganglion cell A neuron located 
in the retina that receives visual 
information from bipolar cells; its 
axons give rise to the optic nerve. 

horizontal cell A neuron in the 
retina that interconnects adjacent 
photoreceptors and the outer 
processes of the bipolar cells. 

amacrine cell (amm a krin) A 
neuron in the retina that intercon¬ 
nects adjacent ganglion cells and 
the inner processes of the bipolar 
cells. 


clctccT dilfcrciiL colors and proviflc \ ision nf poor acuitv, tlu^v are more sensitive to 
li^lu. In a very dimly lij^hied environment we use otir rod \ iliereldre, in dim 

lijrln we are color-blind and lack fdveal vision. Von mav have noticecb while oui on a 
dark ni^hi, that lotjkin^ directly at a dim, distant liglii (dial is, placing the image of 
the liglil on the fovea) causes it to disa]>pear. (See Table 6.L) 

Another feature of die retina is llie optic disk, where the axons conveying visual 
information gather together and leave the eye dinjugli the optic nerve. The optic 
disk pj^odnces a /j////r/,s/^rVl)ecaiisc no lecepLors are located there. We do not iioi inally 
perceive cnir Idind spots, [>ut their presence can i)e demonstrated. If you have not 
found yours, yoti may want to try the exereise descriheti in Figitre 6A. 

C-Iose examination of ihe retina shows that ii consists tif several layers (jf neuron 
cell hoflies, their axons and dendriies, and iht^ [>hotorereptors. Figure 6.5 illustrates 
a rn>ss section through the primate retina, which is divided into three main lavens: the 
photcjreceptive layer, tlie hi]:jolar cell layer, and the gaitglion cell layer. Note tliat 
the |jhoiorece]>tors are at ilie //l'/r/^ol'the retitia; light tnusi jjass ilirongh the overlying 
layers to get to ihetn. Fortiitiately, these layers ate tt atispareni. (See Figure 6,5.) 


Table 6.1 


^ Locations and Response Characteristics of Photoreceptors ^ 

1 

Cones 

Rods 

Most prevalent in the central retina; 

Most prevalent in the peripheral retina; 

found in the fovea 

not found in the fovea 

Sensitive to moderaie-to-liigh levels 
of light 

Sensitt\'e to low levels of light 

Provide information about hue 

Prinide only monochromatic inforTiiaiion 

Pro\'tde excellent acuity 

Provide poor acuiw 
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Figure 6.4 

A test for the blind spot. With your left eye closed, look at the + with your right eye and move the 
page nearer to and farther from you. When the page is about ZO cm from your face, the green 
circle disappears because its image falls on the blind spot of your right eye. 





Tlie pltotorecepiors furiii synapses with bipolar cells, neurons whose t\v<) arms 
connect live shallowest and deepest layers of the retina. In turn, these neurons form 
synapses with the ganglion cells, neurons whose axon.s tratel through the optic 
nerves (the second cranial nerves) and carry visual information into the brain. In 
addition, the retina contains horizontal cells and amacrine cells, both of which trans¬ 
mit information in a direction parallel to the surface ofthe retina and thus combine 
messages from adjacent photoreceptors. (See Figure 6*5.) 

The primate reiitia contains approximately fifiy-nve different tvpes of neurons: 
one type of rod. three types of cones, two types of horizontal cells, ten types iif 
bipolar cells, twenty-four to uveiuy-nine types of amacrine cells, and ten to fifteen 
types of ganglion cells (Masland, 2001). 


Figure 6.5 

Details of retinal circuitry. 


Photoreceptor Layer Bipolar Celt Layer Ceit Layer 



Adapted from Dowling, i. E., and Boycott, B. B, Proceedings ofthe Royal Society of Lenders, S, 1966, IBS, 

80-1 n. 
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lamella A layer of membrane 
contammg photopjgments: found 
in rods and cones of the retina. 

photopigment A protem dye 
bonded to retinal, a substance 
derived from vitamin A, responsi¬ 
ble for transduction of visual 
information. 

opsin (opp s;n) A class of protein 
that, together with retinal, consti¬ 
tutes the photopigmems. 

retinal (reft i n^hf) A chemical 
synthesized from v^tamln A; 
joms with an opsin to form a 
photopigment. 

rhodopsin {roh dopp sin) A par¬ 
ticular opsin found in rods. 


Photoreceptors 


Figure 6.6 


Neural circuitry in the retina. Light striking a photoreceptor 
produces a hyperpolarizatioa 50 the photoreceptor releases 
/ess neurotransmitter. Because the neurotransmitter normally 
hyperpotarizes the membrane of the bipolar cell, the 
reduction causes a depoiarizatfon. This depolarization causes 
the bipolar cell to release more neurotransmitter, which 
excites the ganglion cell. 


Hyperpolahzing 

membrane 


Depolarizing 

membrane 



Adapted from Dowling, J in The Neurosaences' Founh Study 
Program, edited by F. 0, Schmitt and F. G Worden Cambridge, Mass.: 
MIT Press, 1979 


Rods iunl cones consist ol tin oiiifi- segment connected hy ii ciliinn to an inner sej^- 
inenl, wliit li contains the nncknis. (See ftgttre 6,5,) The outer segineiu contains sev¬ 
eral hiindrecl lanieUae, or iliin plates t>r ineinbrane, (Lamefla is the (linhnntive Ibrni 
of Iffifihta, "^ihin layer.'') 

Tel's consider the natin e of iransdnctii>n of visual information. The first step in 
the cliain ol events tliat leads to visual perception involves a special chemical calletl 
a photfipijrment. Photopigments are sjiecial molecules einljedded in the ineinbrane 
of the lamellae; a single human rori containsap]>i(>ximaiely lb million (.>l’thenu The 
molecules consist of two parts: an opsin (a |>rf>iein) and retinal (a lipid), Thci e are 
se^cl al foims of (rpsin; for example, the ])hoio[>igmetH ol human rods, rhodopsin, 
consists of rofl plus retinal, (RIpmI’ refers to the Gi eek rhodou, *Vose.'' not to rad. 
Before it isbleacheci by the action of light, i hodopsin has a pinkish hue.) Retinal is 
syntbesi/ed from vitamin A. which explains why carrots, which are rich in this vita¬ 
min, are said to be gtjod for your evesiglit. 

When a molecule ol rhociopsin is exposed to light, h hreak.s into its two coii- 
stilueiits: rotl opsin and retinal. W hen that happens, the rod opsin changes from its 
i‘osy Cf>lor lo a pale yellow; hence, we say that the light himrhrs the ]>hoUupigment. 
The splitting of the photopigmeni causes a change in the membrane poieniial ofThe 
plioioreceplor (the recejDior potential), which cfianges the rale at which the pho- 
lorecepioi' releases its neurotransmiuei; glutamate. 

In the vertebrate retina, pboloreceptors provide injDiii to both bipolar cells and 
hoi i/onial cells. Figitre (kb shows the neural circuiirv from a photoreceptor [o a gan¬ 
glion cell* The drculiry is much simplibed and omits the horizontal cells and 

ainacrine cells. The first two npes of cells in the circuit—pho¬ 
toreceptors atui bipolar cells—do not produce acticni poten¬ 
tials. Instead, their release of neurntransmitier is regulated bv 
the value of their membrane potential; depolarizations in- 
crea.se the release, and hyperjiolarizaiions decrease it. Tlie 
circles indicate what would be seen on an oscilloscfipe screen 
j’ecording changes in the cells' membrane potentials in le- 
sptJiise lo a spot of light shitnng on the photoreceptor, 

T\iv hyperpolarizing effect of light on the membranes 
of ])hol(>receplors is showzi in die left graph. The hyper- 
jjolari/ation rednrrs the release of neurotransmiuer by die 
phoU.>recepior, Because the neuroiransmitter ncn inally hv- 
perpolarizes the flendriies of the bipolar cell, a mlurfha in its 
release causes the membi aiie of the bipolar cell to dc/WruYze, 
d hiis, ligiii hyperpolari/es the jdioiorecepior and dept>1 ar¬ 
izes the hip<dar cell, (See figure 6,6,) I’he depolarixadt>n 
causes the bipcjlar cell to release more iieuroiransmitier, 
which depolari/es the mem brat le of the gaiightm cell, caus¬ 
ing it to increase its rale of tiring. Thus, light sbinitig ou the 
pliotoreccptor causes excitation of the ganglion cell. 

The circuit shown in Figure 6.b illusirates a ganglion 
cell whose bring rate increases in respou.se to liglu. z\s we 
will see, other gangiitm cells their bring rate in re¬ 

sponse lo light. These neurons are connected to bipolar 
cells that form diffei enl types of synapses with the photore¬ 
ceptors, The luiictk>ns of these iwo types oj circuils are dis¬ 
cussed in a laicr .section, ‘'(a)ding of V isual Inforniaiion in 
the Retina," If vou would like to know more aboui the 
neural cirnhlrv oi ihe retina, vou should consult the book 
by Rcjclieck (199S). 


Recording 
of action 
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Connections Between Eye and Brain 

riit‘ axons oi'ilie retinal ^an^lion cells brin^ inrc)nnatif>n to the rest of ihe braiin 
They asceiul throuj^h the optic nerves and reach the dorsal lateral geniculate nu¬ 
cleus t)l tile lhalaniiis. I'his nucleus receives its name iroin its lesenihiance to a bent 
knee (gettit is Latin for "knee"), it contains six layers of neurons, eaeli ol wliich re¬ 
ceives in[>ut [if)111 only tnie eye. I’be neuions in the two inner layers contain cell 
bodies that are larger llian those in the outer four layers. ¥ov this reason, the inner 
two layers are called the magnocellular layers, aiifl the otiter Ibnr layers are called 
the parvocellular layers {fmnffh refers to tile small siy,e ol the cells), A third set of neu¬ 
rons in ilie koniocellular sublayers are ffuiiid ventral It) eacli t>[ the magnocellular 
and parvocellnlar layers, {Kofti.s is tlie Cheek word hir Most.") As we will see later, 
ihese ihi ee sets ol lavers belong to dil'lcrenl systems, ^vhieh are responsible lor the 
analysis of different ivpes of visual information. They receive input from dif fei eui 
types of l eiinal ganglion cells, (See Figure 6,7,) 

The neurons in ilie dorsal lateral geniculate nucleus send their axons through 
a path wav knowti as the optic radiations to the primary visual cortex—the region sur¬ 
rounding the calcarine fissure {ra^r^/muMiieans "spur-shaped"), a hori/ontal fissure 
located in the medial and posterior occipital lobe. The primary visual cortex is of¬ 
ten called the striate cortex because it contains a dark-siaining layer {strialion) of 
cells. 

Figure (>.8 shows a diagrammatical view of a hoi i/outal section ol the human 
brain. The optic nerves join together at the base of ilie brain to Form the X-shaped 


Figure 6.7 

A photomicrograph of a section through the right lateral geniculate nucleus of a rhesus monkey 
(cresyl violet stain). Layers h 4, and 6 receive input from the contralateral (left) eye, and layers 2, 3, 
and 5 receive input from the ipsilateral (right) eye. Layers 1 and 2 are the magnocellular layers; 
layers 3 to 6 are the parvocellular layers. The konfocellular sublayers are found ventral to each of 
the parvocellular and magnocellular other layers. The receptive fields of all six principal layers are 
in almost perfect registration; celts located along the fine of the unlabeled arrow have receptive 
fields centered on the same point. 


dorsal lateral geniculate nu¬ 
cleus A group of cell bodies 
within the lateral geniculate body 
of the thalamus; receives inputs 
from the retina and projects to 
the primary visual cortex. 

magnocellular layer One of the 
Inner two layers of neurons in the 
dorsal lateral geniculate nucleus; 
transmits information necessary 
for the perception of form, move¬ 
ment, depth, and small differ¬ 
ences in brightness to the primary 
visual cortex 

parvocellular layer One of the 
four outer layers of neurons in the 
dorsal lateral genrculate nucleus; 
transmits information necessary 
for perception of color and fine 
details to the primary visual cortex, 

koniocellular sublayer ikoh nee 
oh sett yew tur) One of the sub¬ 
layers of neurons in the dorsal lat¬ 
eral geniculate nucleus found 
ventral to each of The magnocel¬ 
lular and parvocellular layers; 
transmits information from short- 
wavelength ("blue") cones to the 
primary visual cortex. 

calcarine fissure (/ca/nne) A 
horizontal fissure on the inner sur¬ 
face of the posterior cerebral cor¬ 
tex; the location of the pnmary 
visual cortex, 

striate cortex istry ate) The pri¬ 
mary visual cortex. 



From Hubei, D , H ., Wiesel, T N , and Le Vay, S. Philosophkat Transactions of the Hoyat Society of London, B, 
1977, 278, 131-163 
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Figure 6.8 

The primary visual pathway. 



Region of overlap 
of two visual fields 


Visuai fiefd 
of right eye 


Optic chiasm 


Information from 
left half of 
visual field (green) 


Visuai field 
of left eye 


Optic nerve 


Lateral 
geniculate 
nucleus 


Information from 
right half of 
visual field (yellow) 


Primary 

visual 


cortex 


optic chiasm [khlasma rnciitis '‘cross’'). Tlicrt% axons front 
ganglion serving the inner halves of the lelina {the 
nasal sides) enrss through the chiasm and ascend to ilie 
doi sal lateral genienhue uncle ns t>l the opposite side of‘ 
the brain. The axons i’roni the onier lialves of line retina 
(the temporal sides) remain on the same side of the 
brain. (See Figure 6.S.) "l lie lens inverts the image of the 
world pnijecicfl on the retina (and similarlv reverses lef t 
and right), Therehn e» because the axons Irom the nasal 
halves of the retinas ci oss to the other side oi the brain, 
each hemisphere receives infoi mati(>n from tlie con- 
tralaieral hall (u])]>osile side) of the visual scene. Tliat is, 
if a person looks straight ahead, the riglil hemisphere re- 
cei\es informatiuti from the left hall <jf the visual field, 
and the left hemisjihere receives informatinn from the 
right. (See Figure 6.S.) 

Besides the primary retino-genicnlocortical patli- 
way, several other pathways are taken bv fibers from tlie 
retina. For exaniple, one pathway to the hvpoihalainns 
svnehroni/es an animaFs activity cvcles to the 24-hour 

■* I- ■■ 

rh\thms of dav and night, (We will stttdv this system in 
Chapter 8.) Other pathways, especially those that travel 
to the optic tectum and the pretectal [inclei, coordinate 
eye movemenis, coittrol the muscles of the iris {and thus 
the size of the pupil) and the ciliary muscles (which con¬ 
trol the lens), and help to direci our attendoji to stidden 
movements in the periphery of our \ isnal field. 


INTERIM SUMMARY 


optic chiasm (ky az‘m) A cross^ 
shaped connection between the 
optic nerves, located below the 
base of the brain, just anterior to 
the pituitary gland, 


The Stimulus and Anatomy of the Visual System 

Light consists of electromagnetic radiation, similar to radio waves but of a different fre¬ 
quency and wavelength. Color can vary in three perceptual dimensions: hue, brightness, and 
saturation, which correspond to the physical dimensions of wavelength, intensity, and pu¬ 
rity, respectively. 

The photoreceptors in the retina—the rods and the cones—detect light. Muscles move 
the eyes so that images of the environment fall on the retina. Accommodation is accom¬ 
plished by the ctliary muscles, which change the shape of the lens. Photoreceptors commu¬ 
nicate through synapses with bipolar cells, which communicate through synapses with 
ganglion cells. In addition, horizontal cells and amacrine cells combine messages from adja¬ 
cent photoreceptors. 

When light strikes a molecule of photopigment in a photoreceptor, the retinal molecule 
detaches from the opsin molecule, a process known as bleaching. This event causes the mem¬ 
brane potential to become more polarized. This change tn the membrane potential de¬ 
creases the release of glutamate and informs the bipolar cell with which the photoreceptors 
communicate that light has just been detected. As a result of this process, the rate of firing 
of the ganglion cell changes, and a message is sent through the axons of the optic nerves. 

Visual information from the retina reaches the striate cortex surrounding the calcarine 
fissure after being relayed through the magnocellular, parvocellular, and koniocellular lay¬ 
ers of the dorsal lateral geniculate nuclei. Several other regions of the brain, including the 
hypothalamus and the tectum, also receive visual information. These regions help to regu¬ 
late activity during the day-night cycle, coordinate eye and head movements, control at¬ 
tention to visual stimuli, and regulate the size of the pupils. 
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THOUGHT QUESTION 

People who try to see faint distant lights at night are often advised to look Just to the 
side of the location where they expect to see the lights. Can you explain the reason for 
this advice? 


Coding of Visual Information in the Retina 


This sec lit ni descni>es iIr- wav in which cells oiilie reiiiia encode inlbriiuilion thev 

j- ' 

receive from the pliotorcceplnrs* 


Coding of Light and Dark 

One of the most important iiietliods for studying the pliysiologs^ of the visual system 
is ihe use of microelectrodes lo record die elecirical activity of single neurons. As we 
saw in the previous seetioin some ganglion cells become excited when light falls on 
the photoreceptors with whicli they ctvmmuuicaie. The receptive Held of a ncairou 
in tlie visual svstem is the ]iart of the visual field that an individual neunai “sees'"— 
dial is, die pan in winch lighl mtist fall for ilie neuron to be siirnulaicd. Obviously, 
die location of tlie receptive field ofa particular neuron depends on ilie location of 
the pliotorecepttirs that provide it widi visual information. If a neuron receives in- 
1 brillaiion fi oni plmtoreceptors located in the fovea, its receptive field will lie at the 
lixation point—tlie jioint ai which the eye is looking. If ilie neuron receives inftir- 
madon li’om photorecejilors located in the jieiiphery ofilie retina, its receptive held 
will be located off to one side* 

At the periplierv of the retina many individual receptors converge on a single 
ganglioti cell* bringing information from a relatively large area of tlie retina—and 
Iience a relativelv large area of the visual field* However, 
ibveal visitin is more direct, with approximately equal 
nnmbers ol ganglion cells and cones. Tliese rccepioi-io- 
axon relationshi]>s exjdain the iact that cnir foveal (cen¬ 
tral) vision is very acute but our [jcripheral visitm is niiich 
less [Jiecise* (See Figure 6,9,) 

Over sixiv vears ago, Hartline (19*^S) discovered dial 
the Irog retina contained iliree types of ganglion cells, 

ON cells responded with an excitatory burst when the 
retina was illuminated, OFF cells responded when the 
lighl was turned ojf, and ON/OFF cells responded l^riedv 
when the light went on and again wlien it went off. Kid¬ 
der (I9,"i2, 19,^-^), recording from ganglion cells in the 
retina ol tile cat, discovered that iheir receptive Held con- 
sists of a roughly circular center, surrounded by a ring. 

Stimulation of the center f)i sui rounding Helds liad con¬ 
trary effects: ON cells were excited bv lighl falling in the 
central Held {tenfn) ainl were inhibited liy light falling in 
the sui roimding field whereas OFF cells re- 

.spmided in die opposite manner. ON/OFF ganglion cells 
were briefly excited when light was turned on or off. In 
primates these ON/OFF cells ])n>jeci primarily to the su¬ 
perior colliculus, wlticli is pi imarily involved in visual re- 
llexes (Schiller aud Malpeli* 1977): thus, they do not 
appear to play a direct role In form perception, (See Fig¬ 
ure 6.10.) 


receptive field That portion of 
the visual field in which the pre¬ 
sentation of visual stimuli will pro¬ 
duce an alteration in the tiring 
rate of a particular neuron. 


Figure 6,9 

Central versus peripheral acuity. Ganglion celts in the fovea receive 
input from a smaller number of photoreceptors than in the 
periphery and hence provide more acute visual information. 

Receptive field in center 
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Figure 6.10 

Responses of ON and OFF ganglion cells to stimuli presented in the center or the surround of the 
receptive field. 


ON Cell 


OFF Cell 



Surround Light 



0 0.5 1.0 (s) 

Time-^ 



Time 




Adapted from Kuffler, S W Cold Spnng Harbor Symposiam for Quantitative Biology, 1952, 17, 281-292. 



Several studies liavc sIkhvu that ON cells and OFF 
ceils sijr]ial different kinds of infonnation. Scdiiller. 
.Sandell* and Maimsell (198d) injecied inonkevs with AFli 
(i^-annno-4-phosphoiiobiityrate). a dni^ iliat se lee lively 
blocks synaptic transmission in OX l>ipolar cells. Thev 
found ibal tlie animals had diinciih\ fleteciing light sptJis 
on a dark background but had no difficulty rleieciing 
dark spots on a light background. 


Coding of Color 

So fai; we have been examining the monochromaiic prop¬ 
erties of ganglion cells—-ihaL is, their responses in light 
and dark. But, ol course, objects in our environment se¬ 
lectively absorb some wavelengths of light and rellect oth¬ 
ers, tvhich, to our eyes, gKes them different colters. I’he 
retinas of humans, f)kl Uoi ld monkeys, one species of 
Netv World imuikey, and apes contain three different 
types oi cones, which provides them (and us) witli ilie 
must elaborate form of coloi vision (Jacobs, 1996; Mimt et 
al., 1998). Although iiKuiocliromatic (black-and-wliite) vi¬ 
sion is perfectly adequate for most [>urposes, color vision 
gave our primate ancestors the ability to distinguish ripe 
fruit from unripe fruit and made it more diffteuh foi‘ 
other animals to hide them selves by means of camouflage 


Birds have full, three-cone color vision; thus, this red breast can be 
perceived by rival males of this great frigate bird. 
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(M()ll(>n, 1989). In fact, the [>h(>to|)iginenis ol’pi iinalcs willi three types of cones 
seem well siiiierl for clisiiiif^nishin^ red anrl yellow IVuks against a l>ackground of 
green foliage (Regan et al.* 2001). 


Photoreceptors: Trichromatic Coding 

\anoiis theories of color vision lia\'e been proposed for many years—long before 
it was possible lo disprove or validate them by physiological means. In 1802 1 homas 
idling, a British pliysicist and pliysician, proposed that the eye delected tlifidrent col¬ 
ors because it contained three ivpes ol receptors, each sensitive to a single bne. His 
tlieorv was referred to as the hiflnomatir (three-color) ffawy. It was suggested by llie 
fact that fora human observer any ct>lor can be reproduced h\ mixing various quan¬ 
tities of three colors jndiciniisly selected from dilfereni points alotig the speetriim. 

I must emphasiice that color mixing Is different from pigmrtii mixing. If we combine 
yellow and lilue pigments (as when we mix paints), the resulting mixture is green. 
(]olor mixing refers lo the addition of two or more light sources. If we shine a beam 
of red light and a beam i>f bluish green liglit together on a white screen, we will see 
vell<wv light. If we mix yelknv and blue lighu we get wliite light. Wlien while appears 
on a color television screen or eompmer moniion it actually consists of tiny dots of 
red, blue, and green light, (See Figitre 6JI,) 

Physiological invesugations of retinal pliotoreceptors in higher primates have 
found that Young was right: Three flifferent t\pes of phc»toieceptt>rs (three fliffer- 
ent types of cones) are responsible for color vision. Invcsiigalors have studied the ah- 
st^rption characteristics t>f Individual photoreceptors, detei inining die amount of 
light of diff erent wavelengths that is absorbed by the pliotopigniems. 1 hese ciiarac- 
teristics are eon milled by the particular opsin a photoreceptoi contains; different 
opsins ahsorl^ particular wavelengths more reafhly. Figure 6.12 shows the absorption 
characteristics of the four types of phoior ecepiors in the human retina: rods and ihc 
three types of cone.s, (See Figure 6J2.) 


Figure 6.11 

Additive color mixing and paint mixing. When bfue, red, and green light of the proper intensity are 
all shone together, the result is white light. When red^ blue, and yellow paints are mixed together, 
the result is a dark gray. 
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Figure 6.12 


Relative absorbance of tight of various wavelengths by rods 
and the three types of cones in the human retina. 



Wavelength (nm) 


From Dartnall, H. J. A., Bowmaker, J. K ^ and Motion, J. D. Human 
visual pigments; Microspectrophotometric results from the eyes of 
seven persons. Proceedings of the Royet Society of London, 1983, 

22 a 115-130 


riie peak seiisiiiviiics of the three ivpes of cones are a|> 
[>roximateIy 42t) nin (f>luc-violet), 5:^0 nm (green), and 5(U) 
nni (yellow-green). Tlie peak sejisiiivits^ of ilie sliort-wave- 
lenglli cone is actually 440 nni in the intact eve becatise die 
lens absorbs some short-wavelength light, Foi' convenience 
the short-, medium-, and long-wavelength cones are tiadi- 
tionaliy called “blue^ "gi een/’ anti "red” cones, respectively. 
I he retina contains approximaiely equal numbers oj "retl” 
and *'green” cones bin a much smaller number of "bine” 
cones (approximatelv 8 pei cent of the total). 

Genetic ciefecis in color vision ajipear to resiih fro in 
anornalies in one or more of the three types of cones (Bomi- 
ion, 1979; Nathans ei al., 1986; VVissinger and Sharpe, 1998). 
The first two kinds ol clefeciive color vision described here 
involve genes on the X chromosome; thus, because males 
have onlv one X chromosome, iliev are much more likelv to 
have this disoitien (Females are likely to have a normal gene 
on one of llieir X ciiromosomes, ^vhich compensates (V>r the 
defective one.) People with protanopia ("first-color defect”) 
confuse red and green, Tlicy see the world in siiades of yel¬ 
low and i>liie; both retl anti green look yellowish to them. 
Their visual acuity Is normal, which suggests iliai their reti¬ 
nas do not lack "red” or "green” cones. This fact, and tlieir 
sensitivity to lighls t>f different wavelengths, suggests that 
their "red” cones are idled with "green” cone opsin. People wiili deuteranopia 
("secontU'olor defect”) also confuse red and green and aist) have noimal visual acu¬ 
ity, I'heir "green” cones a[>pear to be filled with "red” cone opsin. 

Tritanopia {"third-color defect”) is rate., affecting fewer 11laii 1 in 10,990 people. 
This tlisorder involves a laultygene that is not located on an X chromosome; there¬ 
fore, it is ec|nally prevalent In males and females, Peo[>le with iritam>[>ia have tliffl- 
culty with hues of short wavelengilis and see the world in greens and reds, fo them 
a clear blue sky is a bright green, and yellow looks |>ink. Iheir retinas lack "blue” 
coties. Because the retina contains so few of diese cones, their absence does not tn>- 
ticeablv affect vistial acuiiv. 


Figure 6.13 


Receptive fields of color-sensitive ganglion cells. When a portion of 
the receptive field is illuminated with the color shown, the cell's 
rate of firing increases. When a portion is illuminated with the 
complementary color, the cell's rate of firing decreases. 



Yellow on, 
blue off 


Blue on, 
yellow off 


Retinal Ganglion Cells: Opponent-Process Coding 

At the level of tlie retinal gangUnn cell tlie three-color code gets translated into 
an npffon/'id’wht sy^iti'm. Haw (f9bS) and Ciom as (1968) found that these neurons le- 
S[)ond ,sped9cally to pairs of priinaiy colors, witli red opjjosing gi een and bhu^ o|> 
posing vellow. Tliiis, the retina contains two kinds of’ color-sensitive gangfioti cells: 

ml-pfrn and yHlitn^hlne. Some color-sensitive ganglion 
cells respond in a center-surround hishion. For example, 
a eell miglit i>e excited bv red and inliibiied by green in 
the center of their receptive field while showing the o]> 
posite response in the surrounding ring. (See Figure 
6J3,) Other ganglion cells that receive input from cones 
flo not respond dilferentially n> dilfcreiit wavelengths but 
siinjjly encode relative brightness in die center and sur¬ 
round. These cells serve as "black-and-white detectors.” 

The rc^sponse characieristics of retinal ganglion cells 
to light of different wavelengdis are obviously deter- 
mineci by the particular ciixaiits that connect the three 
types of cones w ith the two types of ganglion ceils. These 
circuits involve different types of bijiofar cells, amacrine 
cells, and hori/.omal cells. 


Red on, 
green off 


Green on 
red off 
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Figure 6,14 

Color coding in the retina, (a) Red light stimulating a "*red'' cone, which causes excitation of a red- 
green ganglion cell, (b) Green light stimulating a '"green" cone, which causes inhibition of a red- 
green ganglion cell* (c) Yellow light stimulating "red" and "green" cones equally but not affecting 
"blue" cones. The stimulation of "red" and "green" cones causes excitation of a yellow-blue 
ganglion celt, (d) Blue light stimulating a "blue" cone, which causes inhibition of a yellow-blue 
ganglion ceil. The arrows labeled E and I represent neural circuitry within the retina that translates 
excitation of a cone into excitation or inhibition of a ganglion cell. For clarity only some of the 
circuits are shown. 


Red light 
stimulates 
"red" cone 



Cones 

\ 





i 


Red-green ganglion cell 
is excited; signals red 

(a) 




Green light 
stimulates 
"green" cone 



K \\ 

0 

i 

i 

Red-green ganglion cell 
is inhibited: signals green 

(b) 


Yellow light 
stimulates “red" and 
"green" cones equally 





1 

Yeliow-blue ganglion cell 
is excited; signals ye//ow 

T 

Excitation and inhibition cancel 
each other; no change in signal 

(c) 


Blue light 
stimulates 
"blue” cone 



I 

K \K 

0 


i 



\ 


Yeltow-btue ganglion cell 
is inhibited: signals blue 

(d) 


Figure til4 helps tt> explain how particular luies are cleiectecl bv the ''red/’ 
'‘green,’’ and “blue'' cones and iranslaietl into excitation or inliibiiion ohihe red-green 
and yelltm-blue gaiiglion cells* Tlie diagram doe.s not sliow the actual neural eirciiiirv; 
wliieh includes die retinal neurons that connect the cones with the ganglion ct41s. The 
arrows in Figni e 6.14 refer merely to the f'//cc/.vol the liglit falling on the retina. The 
hook by Rodieck (1998) describes the actual neural circuitry in ronsiderahle detail* 
Detection and coding of pure red, green, or bine light is the easiest to under¬ 
stand. For example, red light excites “red'' cones, whicfi causes ilie excitation of red- 
green ganglion cells, {Sec (}A4a.) Green light excites “green’' cones, w'hich 

causes die hihlhlllm of red-green cells, (See Figiire 6A4h.) But consider the efl'ect of 
yellow light* Because tlie w'avelengili that produces the sensaiion ol yellow is inier- 
nierliate between red and green, it will siimnlaie both “red" and “green" cones about 
equally. Yellow-blue ganglion cells are excited by both “red" and “green" cones, so 
their rate of firing increases. However, red-green ganglion cells are excited bv red 
and inhibited by green, so ihelr firing rate does not change* The brain delects an in- 
crea.sed firing rate from the axons of yellow'-blue gaiiglifin cells, whicb it interprets 
as yellow. {See Fi^ire 6A4c.) Blue light simply inhibits the activiiv of yellow-blue gan¬ 
glion cells* (See Fl^tre 6A4d*) 


protanopia {pro tar} owe pee a) 

An tnhertted form of defective 
color vision in which red and green 
hues are confused: "red" cones 
are filled with "green" cone opsin. 

deuteranopia (dew ter ar} owe 
pee a) An inherited form of de¬ 
fective color vision in which red 
and green hues are confused; 
"green" cones are filled with 
"red" cone opsin. 

tritanopia (try tan owe pee a) An 
inherited form of defective color 
vision in which hues with short 
wavelengths are confused; "blue" 
cones are either lacking or faulty. 
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See Animation Com¬ 
plementary Colors, for a 
demonstration of nega¬ 


tive afterimages. 


Tile oppoiieiit-cnlur system ciiiployetl by the ^anglicm cells explains wliv we can¬ 
not perceive a iX'clchsh green or a bluish yellow: An axtni that signals red or green 
(or yellow or blue) ran either increase or clecrease its rale o( firing; it cannot do both 
at tile .same time* A reddish green would have to he signalerl bv a ganglion cell fir¬ 
ing slowly and i apidly ai the same time, wliirb is obviously impossible* 

Aitimation 6*/, Complenietitary Colors, denn>nstrates an inleiesting phenomenon 
that emerges fVom opponeni-]>rocess coding. 


INTERIM SUMMARY 


Coding of Visual Information in the Retina 

Recordings of the electrical activity of single neurons in the retina indicate that each gan¬ 
glion cell receives information from photoreceptors—just one in the fovea and many more 
in the periphery. The receptive field of most retinal ganglion cells consists of two concentric 
circles, with the cells becoming excited when light falls in one region and becoming Inhib¬ 
ited when it falls In the other. This arrangement enhances the ability of the nervous system 
to detect contrasts in brightness. ON cells are excited by light in the center, and OFF cells are 
excited by light in the surround. ON cells detect light objects against dark backgrounds; OFF 
cells detect dark objects against light backgrounds* 

Color vision occurs as a result of information provided by three types of cones, each of 
which is sensitive to light of a certain wavelength: long, medium, or short. The absorption 
characteristics of the cones are determined by the particular opsin that their photopigment 
contains* Most forms of defective color vision appear to be caused by alterations in cone 
opsins. The "red" cones of people with protanopia are filled with "green" cone opsin, and 
the "green" cones of people with deuteranopia are filled with "red" cone opsin. The reti¬ 
nas of people with tritanopia appear to lack "blue" cones. 

Most color-sensitive ganglion cells respond in an opposing center-surround fashion to 
the pairs of primary colors: red and green, and blue and yellow* The responses of these neu¬ 
rons is determined by the retinal circuitry that connects them with the photoreceptors. 

THOUGHT QUESTION 

Why is color vision useful? Birds, some fish, and some primates have full, three-cone color 
vision. Considering our own species, what other benefits (besides the ability to recognize 
ripe fruit, which I mentioned in the previous section) might come from the evolution of 
color vision? 


simple cell An orientation- 
sensitive neuron in the striate cor¬ 
tex whose receptive field is orga¬ 
nized in an opponent fashion. 

complex cell A neuron in the vi¬ 
sual cortex that responds to the 
presence of a line segment with a 
particular orientation located 
within its receptive field, especially 
when the line moves perpendicu¬ 
larly to Its orientation* 

hypercomplex cell A neuron in 
the visual cortex that responds to 
the presence of a line segment 
with a particular onentation that 
ends at a particular point within 
the celt's receptive field. 




Analysis of Visual Information: 
Role of the Striate Cortex 


Tlie retiiuil gaiiglimi cclU enctKlc inffjniiaiioii uboiii the rclattvt- anKauits ofliglii 
ialliug on tltf cciut'r anrl Munounrl regions oi llteir receplive held and, in niany 
cases* about the vvavelenglli olThat liglil* The striate ctn iex performs acUlitifnial pro¬ 
cessing of litis infoi inalion* which it then transmits to the visual association ctn iex* 


Anatomy of the Striate Cortex 

rite stiiate cortex consists ol six princi[>al layers (and se%eial sublayers), at nudged in 
bands parallel to the surJace. T hese layers contain the liuclel oi cell bodies and den- 
flrilic trees that show u]> as hands of light nr dark in sections of tissue lliat have been 
fhed with a celUbody slain* (See Figure 6J5*) 
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Analysis of Visual Information; Role of the Stnate Cortex 


In primatt;s, infbrmaUoii from iho parvncclluiar ciiid 
ma^norollular layci s of the dorsal lateral genicitlaic lui- 
eleus entei’s the middle layer (layer 4C1) ol tlie striate cor¬ 
tex, Kroni there it is relayed to the ttp|>er layers, where it 
is analyzed by eircuits n( ncnn>ns. Axons bringing infor¬ 
mation from the koniocellnlar layers form synapses with 
neurons in layer ?t. 

If we consider the striate cortex of one hemisphere 
as a wliole—if we imagine that we remove it and s[)rcad 
it out on a flat surface—we find iliat it contains a map ol‘ 
the contralateral lialfOf tlie visual HehU (Remember that 
each side ol tfie brain sees tlie r>pposite side of die visual 
held,) The map is distorted; approximately 2n pia ceni of 
ihe striate eorlex is devoted lt> tlie analysis of informa¬ 
tion irom the fovea, which represents a small pan ofdlie 
visual fielch (The area old he visual held seen by the fovea 
is approximately the si/e of a large grape hekl at arm’s 
length.) 

The pit>neering studies of David J Inhel and lursten 
VViesei at liarvard University during the 196ds began a 
revolution iti the siutly of the physiulug\' of visual per- 
ce[)tion (see Hubei and VVieseb 1977, 1979). Hi the I anti 


Figure 6.15 

A photomicrograph of a small section of striate cortex, showing 
the six principal layers. The letter W refers to the white matter 
that underlies the visual cortex; beneath the white matter is layer 
VI of the striate cortex on the opposite side of the gyrus. 



From Hubei D H , and Wiesel T. M. Proceedings of the Royal Society of 
London, B, 1977* 198, 1-B9. Reprinted with permission, 


Wiesel discovered that neurons in the visual cortex did 

not simply lesjjond to spots ofdighi; lliey selectively re.sponded to speciHe fefitinrmA' 
tlie \ isual world. Tliai is, the neural cirrulti y within the visual eorlex combines in¬ 
formation from several sources (lor exam[jle, IVom axons cai rving information re¬ 
ceived from several tliffereni ganglion cells) in .such a way as to detect features that 
are larger ilum the rece|>tive held of a single ganglion cell. The fblUnving siibseeiioiis 
describe tlie visual diai acterisiics that researchers have studied so far: uiientatioii 
and inovenieni, s])aiial fretjtiencv, retinal disparity, and color. 


^ Figure 6,16 1 

Orientation sensitivity. An 
orientation-sensitive neuron In the 
striate cortex will become active 
only when a line of a particular 
orientation appears within its 
receptive field. For example, the 
neuron depiaed in this figure 
responds best to a bar that is 
vertically oriented. 


Onentation and Movement 


Stimulus 


Most neurons in the striate cortex are sensitive to omoitafioti. That is, if a line is po¬ 
sitioned in the cell’s rccefjiive Held ami rotated around its eenier, the cell will re- 
s])ond only wdien the line is in a particular position—a particular orientatiorL Some 
neurons respond best to a vertical line, stnne to a hoi i/ontal line, and some to a line 
oriented somewhere in between. Figure (>.16,show's tlie responses ol a neuron in tlie 
striate eorlex w hen lines were presented at various orientations, As yi>u can see, this 
nein^on responded best when a vertical line vvas ))i esenied in its receptive Held. (See 
Figure 6J6.) 

Some orieiHalion-seiisitive neurons have receptive I'lelds organi/cd in an oppt> 
nent fashion. Hubei and Wiesel referreil to them vts simple cells. For example, a line 
of a particular orientation (say, a dark 45“^ line against a white background) might 
excite a cell if’placed in the center of the receptive field bin inhibit it il nioved awav 
fi’oin the center. (See figure 6J7a,) Another ty[>e of neuron, which the researchers 
referred lo as a complex cell, also responded best to a line of a particular orienta¬ 
tion but did not show an inhibitory sin round; that is, it continued to respond while 
the line was movcfl within the receptive field. In fact, many complex cells increased 
their rate of firing wTen the line was moved perpendicular to its angle tjf orienia- 
lioii—often tjuly in one direction. Ihus, lliese neurons also served as movement de¬ 
tectors. In addition, complex cells responded equally well to w hiie lines against black 
backgrounds and black lijies against white backgromuls. (See Figtire 6J7b,) Finally, 
hypercomplex cells res[>onded to lines of a particular orientation but had an in- 
Inbiiory region at live end (or ends) ol’llie lines, which meaiii that the cells detected 
the location of of’lines of a particular orientation. (See Figure 6 J7a] 


On Off 



Adapted from Hubei, D, H,, and 
Wiesel, T N Journal of Physiology 
(London), 1959, 148, B74-B91. 
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Figure 6.17 


Response characteristics of neurons to orientation in the primary visual cortex, (a) Simple cell, 
(b) Complex cell, (c) Hypercomplex cell. 


Inhibitory 
regions 



Simple cell 
is excited 


Simple cell 
is inhibited 


(a) 



A 



f 







Complex cell is excited by all three stimuli 

(b) 


Inhibitory 
region 


sine-wave grating A series of 
straight parallel bands vary mg 
conttnuously in brightness accord¬ 
ing 10 a sine-wave function, along 
a line perpendicular to their 
lengths, 

spatial frequency The relative 
width of the bands in a sine-wave 
grating, measured in cycles per 
degree of visual angle. 

retina] disparity The fact that 
points on objects located at differ¬ 
ent distances from the observer 
will fall on slightly different loca¬ 
tions on the two retinas; provides 
the basis for stereopsis. 

cytochrome oxidase (CO) blob 

The central region of a module of 
the primary visual cortex, revealed 
by a stain for cytochrome oxidase: 
contains wavelength-sensitive 
neurons; part of the parvocellular 
system. 



H ype rcom pi e x ce 11 Hype rcom pi ex c el I 
is excited is inhibited 

(c) 


Figure 6.18 

Parallel gratings. <a) Square-wave grating, (b) Sine-wave grating. 



(a) 


Spatial Frequency 

AhhtHij’h the early studie.s bv Hubed and W'iesel suggested tliai neurons in the pri¬ 
mary visual cortex detected lines atid edges, subsequent re.searcli round llial tliey ac¬ 
tually responded best to slue-wave gratings (De Valois, Alhreclii, and Thorelb 1978 ). 
Figure 6 . 18 eompares a sine-wave grating witli a more familiar square-wave grating. A 
.square-wave grating consists of a simple set oi rectangular bars that vary in brightness; 
the brightness along the length of a line perpendicular to them would vary in a stcf> 
wise (square-wave) lasliion. (See Figure 6J8a.) A sine-wave grating looks like a series 
of fuzzV, imfbcused parallel bars. Along anv line perpendicular to the long axis of the 
grating, tlie brightrtess \ aries according to a sine-wave 1 unction. (See Figure 6JSh,) 

A sine-wave grating is designated by its spatial frequency. We are accustenned to the 
expression ol frequencies (for example, of sound waves or radio waves) in terms of 
time or distance (such as cycles per secojTcl or cycles per meter). But becairse the im¬ 
age of a stimulus on tlie retina varies in size according to how close it is to the eye, the 
visual angle is generallv used instead of the physical distance between adjacent cycles. 
Thirs, the spatial frequency ofa sine-wave grating is its variation in brightness measui ed 
m cycles [)er degree of visual angle. (See Figure 6.19.) 

Mo.st ncui'ons in the striate cortex respond best when 
a sine-wave grating of a particular spatial frequency is 
placed in the appropriate part of the visual Held. But wbat 
is the point of having neural circuits that analyze spatial 
fretjuenev? A C(>mplete answer lefjuires some rather com¬ 
plicated mailiematics, so I will give a simplified one liere. 
(h vou are interested, vou can consult De N'alois anti De 
\^alois, 1988.) Clonsiderthe types of information provided 
bv high and low^ .spatial frequencies. Small objects, details 
within a large object, anrl large objects with sliarp edges 
provide a signal rich in high frequencies, w hereas large ar¬ 
eas ol’ light and dark are represented by low frequencies. 
An image that is deficient in high-ffec[uency inhn maiion 
looks fu/zv and out of focus, like the image seen by a near¬ 
sighted person who is not wearing corrective lenses. This 
image still provides much information abtnu forms and 


(b) 
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Figure 6.19 


objcH ls ill tlio onviioiiniciil; tluis, ilie most impr>r taiii visual iiv 
Inniiatioii is that con taint'd in hfw [mfifettrifs. Wlieii low- 

iirquoru v information is rcjnoved, ilic sfiapcs of’imagcs arc very 
difik'ull to [xact'ive. (As we will see. llic more [Ji imiiive ma^nt> 
cellular system provides lo\v-fVec|uency infonnaiiond 

Retinal Disparity 

We [)ercei\e depth by many means, most ol wbich involve cues 
dial can be detected inonoeulai K; by one eye alone- For exam- 
f>le. pcrs[jeciivc% relative retinal size, loss of detail through ihe 
eifects ol aimospheric lia/e. and relaii\'e apparent movement ol 
retinal images as we moveonr Iteadsall coiilribnte tofiepth per¬ 
ception and do noi require binoculai'vision. However, binocu¬ 
lar vision provides a vivid perception of depili !bn>u^ii the 
[>rocess ol stereoscopic visicni, or v/mYj/Av/.v. 11 you have used a 
stereoscope (such as a View-Master) or have seen a tliree- 
dimensitmal movie, yxni know what I mean. Steret>psis is ] 3 ar- 
ticnlariy important hi the visual guidance of line inovenients of 
the bands and finders, such as w^e use when we thread a neeflle. 

Most neurons in the striate cortex are ifijtominp —that is. thev — 

respond to vi.snal siimulatioii td either eye. Many of these binoc¬ 
ular cells, especially those found in a layer that receives iiifonnalion from the magncv 
cellulai‘system, have resjronse patterns that apjxxir to contribute to the percef>tioii of 
depth (Pof^^io and Ptjggio. 19S4). In most cases the cells respond m<jst vigoronslv 
w'hen each eye sees a stimulus in a slightly dijfhrtif loeatioii. That is. the rteurons le- 
spond to retinal disparity, a stimulus that produces images on sliglulv flrlferent parts 
of the retina of each eye. This is exactly the information ihat is needed for stereof>sis; 
each eye sees a ihretMlimeiisional scene slightly dil’i’erenily. and the presence of reti¬ 
nal disparity indicates differences in the distance t)robjects from the observer. 


The concepts of visual angle and spatial frequency. Angles 
are drawn between the sine waves, with the apex at the 
viewer's eye. The visual angle between adjacent sine waves 
is smaller when the waves are closer together. 





r 



Color 

In the striate ctjriex. information from color-.sensitivf ganglion 
cells is traiismined, through the [tarvocellular and koi hotel hilar 
layers of the dorsal laiciiil geniculate nucleus, to special cells 
grouped together in cytochrome oxidase (CO) blobs. CX) blobs 
were discovered by Wong-Riley (197H). who iound that a stain fo! 
eylochnnne oxidase, an enzMtte dial is present in mitochondria, 
showed a patchy distribution. Subsequent research widi the stain 
(Horton anrl Hubei, 1980: Humphrey and Hendrickson, 1980) 
revealed the presence of a polka-dot pattern of dark columns ex- 
lendhig through layers 2 and 3 and (more faiiilly) layers a and i\ 
The columns are oval in cross section, ajiproximately 150 x 200 
pm in diameter, and spacetl at ().r>-mm intervals (Fitypatrick, Itoh, 
anti Diamond, 1983; l.hingstone and Hubei, 1987). 

Figure 6,20 shows a photomicrograph td a slice througii a 
macaque monkey visual cortex that has been flattened oui and 
stained for the mitochondrial enz\ me. You can dearly .see llie 
(X) blobs within the striate cortex. Because the curvature of 
the cortex prevents it from being perfectly ilattened, some of 
the tissue is missing in the center ofihe slice. (See Figure 6.20.) 

Until recently, researchers believetl that the pat vocellnlar 
system transmitted all information pertaining to color to the 
striate cortex. However, it tuwv appears that the parvocelhilar 
system receives information only from "red" and “green" cones; 


Figure 6.20 

A photomicrograph of a slice through the primary visual 
cortex of a macaque monkey, parallel to the surface. The 
dark spots are the blobs, colored by a stain for cytochrome 
oxidase. 



From Hubei D. H., and Livingstone, M S. Journal of Neurosaence. 
19S9, 7, 3378-3415. Copyright 1989 by the Society for 
Neuroscience 
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aclclitiniial infoniuitiun Irom “hliR"” cones is transniiued through Llic koiiiocelluliir 
svsieni (Mencli y and Voshioka, Martin ci aL, 1997; K<anaisn, 1998). 

I'o snni[nari/t% neurons in the suiate cortex respond lo several different fea¬ 
tures of a visual stiinuius, including orientation, movement, spatial frequency, reti¬ 
nal disparilv, and coloi. Now let us nirn our attention to the way this inldrination is 
or^ani/ed wit Inn the striate eoi tex. 


ocular dominance The extent to 
which a particular neuron receives 
more input from one eye than 
from the other. 


Figure 6.21 

One of the modules of the primary visual cortex 


Orientation 

sensitivities 


2 and 3 


Blobs 


Konioceliular 

input - 

(to biob only) 


Magnoceliuiar 
input - 

Parvoceiiular 
input 



Modular Organization of the Striate Cortex 

Most invesiip;atr>rs believe that the biain is oigani/ed in modules, whielt ])robahly 
range in sv/.v from a Imiulred thousand to a few million nt'iirons. Each module re¬ 
ceives infounation from other modules, peiibrms some calculations, and then 
passes die results to other moduU^s. In recent years investigators liave l^een learning 
line characteristics of the nuKlules dial are found in the visual cortex (l)e Valois and 
l)e\alois, 1988; Livingstone and llubel, 1988), 

Tbi‘ striate cortex is divided into approximately iikkIuIcs, eacli approxi- 
niatelvO.o x 0.7 mm and containing a[)pn>ximately 150,000 neurons. The neurons in 
eacli module are devoted to the analysis of’various features contained in one very 
small [>onion of the visuai field. C'olleciively, these modules receive information irom 
the entire visual field, the individual module's serving like tfie lilc's in a mosaic mural. 
Input from the parvoceiiular, koniocellnhtr, and magnoceliuiar layers ofdhe tUasal lat¬ 
eral genienlate nucleus is received by different sublayers of the striate cortex: The par- 
vocellular input is received bv layer the magnoceliuiar input is received by layer 

4(;a, and the konioceliular injnii is received by layer 8. 

The modules actually consist of two segments, ewh 
su! ixninding a (X) blol>. Neurons localeci within the blobs 
liave a special fhnetion: I'hey are sensitive to color and to 
low spatial frequencies but are relaiively insensitive to 
otlier visual features. Oniside tlie <X) blob, nenions show 
sensilivitv to oriental ion, movement, spatial frequency, 
texture, and liinocnUir disparity—^fnit most do not re- 
spi>nd to color (l.ivingsione and Hubei, 1984; Born and 
Tooiell, 1991; Edwards, [hir]>ni a, and Isiiplan, 1995). Eacli 
lialf ofihe module receives input from only one eye, l)Ul 
the ehciiitrv within the module combines the in form a- 
lion from both eves, which means tlial most of the neu¬ 
rons are binocular. Depending on their locations within 
the module, neurons receive varying pereentages ofdn- 
pnt from each of the eyes. 

ff we record from neurons annvhere within a single 
mcKlule, we will ilnd that all of their receptive lields over¬ 
lap. Tims, all the neurons in a module anahye informatitni 
from the same region ofihe visual Held. Furthermore, ifbve 
insert a microelecirode straight down into an inierblob re¬ 
gion of the striate cortex (that is, in a ioealion in a module 
oniside one of the (X) blol>s), we will find both simple and 
complex cells, bin all of the orientation-seiisiiive cells will 
respoiui to lines of the same orientaiion. In addition, they 
will all share the same ocular dominance—tliai is, die 
same percentage of input from each of die eyes. If we 
move our electrode around the module, w-e will Hnd that 
tliese two characteristics—orientation sensitivity and ocu¬ 
lar dominance—vary systematically and are arranged at 
l ight angles to each other. (See Figitrt^ 6.2L) 

Hcav does spatial frequency fit into this organization? 
Edwards, Puryjina, and Kit plan (1995) found that neu- 
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rolls within tile CX> blobs rcspoiidcci to low spatial frequen¬ 
cies hut were sen si live to sniall dif Terences in bri^lnness. 
Outside llie blobs, seusitivily to spatial Trequfuicy varied with 
the distance i’roni the cen ter of the nearest blob. Higher fVe- 
c]uenc ies were associated with trreaier distances* (See Fi^tre 
6.22.) However, neurons outside the bloljs were less sensitive 
to contrast; the difTerence between the briglu and dark ar¬ 
eas of the sine-wave pjratin^ bad to be irrealer for these neu¬ 
rons than for neunins within the blobs. 


Figure 6.22 


Optimal spatial frequency of neurons in striate cortex as a 
function of the distance of the neuron from the center of the 
nearest cytochrome oxidase blob. 
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Analysis of Visual Information; 

Role of the Striate Cortex 

The Striate cortex consists of six layers and several sublayers* Visual 
information is received from the magnocellular, parvocellular, and 
koniocellular layers of the dorsal lateral geniculate nucleus. The 
magnoceliular system is more primitive, color-blind, and sensitive 
to movement depth, and small differences In brightness. The par- 
vocellular system is more recent, color-sensitive (receiving infor¬ 
mation from '"red" and "green"' cones), and able to discriminate 
finer details. The koniocellular system provides additional infor¬ 
mation about color, received from "blue" cones. 

The striate cortex is organized into modules, each surround¬ 
ing a pair of CO blobs, which are revealed by a stain for cytochrome oxidase, an enzyme 
found in mitochondria. Each half of a module receives information from one eye; but be¬ 
cause information is shared, most of the neurons respond to input to both eyes. The neu¬ 
rons in the CO blobs are sensitive to color and to low-frequency sine-wave gratings, whereas 
those between the blobs are sensitive to sine-wave gratings of higher spatial frequencies, 
orientation, retinal disparity, and movement. 

THOUGHT QUESTION 

Look at the scene in front of you and try to imagine how its features are encoded by neu¬ 
rons in your striate cortex. Try to picture how the objects you see can be specified by an 
analysis of orientation, spatial frequency, texture, and color* 



100 200 300 

Distance from center of CO blob ( m) 


400 


Adapted from Edwards, D. R, Purpura, K. R, and Kaplan, E. Vision 
Research, 1995, 35, 1501-1523. Copyright 1995, with permission 
from Elsevier. 


Analysis of Visual Information: 

Role of the Visual Association Cortex 


Alihoiigli the siriate cortex is necessary for visual perception, perception of objec ts 
and of the totality of ihe visual scene does nol take place there. Kach module of the 
striate cortex sees only wliat is Irappeiiin^ in one tiny pan of the visual field, Thtrs^ 
for us to perceive objects and entire visual scenes, the information from these indi¬ 
vidual modules must be combined* That combination takes place in the visual a*sst> 
elation cortex* 


Two Streams of Visual Analysis 


\isual informatifin received front the striate cortex is analv/ed in the visual associa- 
lion cortex. Neurons in the striate cortex send axons to the extrastriate cortex, the 
lej^ion of the visual a.ssociation cortex that surrounds the striate cortex (Zeki and 


extrastriate cortex A region of 
visual association cortex; receives 
fibers from the striate cortex and 
from the superior colliculi and 
projects to the inferior temporal 
cortex. 
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dorsal stream A system of inter- 
connected regions of visual cortex 
involved m the perception of spa¬ 
tial location, beginning with the 
striate cortex and ending with the 
posterior parietal cortex. 

ventral stream A system of in¬ 
terconnected regions of visual cor¬ 
tex involved in the perception of 
form, beginning with the striate 
cortex and ending with the infe¬ 
rior temporal cortex. 


www.ablongman.com/carlson6e 


Sltipp, UKSiS). The primate extrastriaie cortex (sometimes called ilie [jreslriale cor¬ 
tex or circmnstriale cortex) consists tjf'several rep^ioiis, eacli ol whicl^ contains one 
or more iiKlependeni inafxsof the visual (jeld. Eacli j e^ioii is specialized, containing 
neurons iliai respiurd to a [>ariicular ieaiiire of‘visual information, sncli as onciita- 
tioii, move menu spatial frecjnency, retinal disparity, or color. So far, investigators 
have identified twenty-five distinct regions and subregions of the visual cortex of the 
rhesus ntonkey, fliese legions are anangeti hierarcihcally. fjegiiinlng with the .stri¬ 
ate cortex (\'an fssen, Anderson, and Fellcman, 1W2). Most of the iiiformatimi 
passes up the hierarchy; eacli region receives information from regions locateci be¬ 
neath it in the hierarchy, analyzes the in format ion, and passes tfie results oi:i to 
""Ingher" regions for further analysis. 

Figure shows the most iinp<jrtaiH regitms of tlie striate and exirastriate cor¬ 
tex of the luinian brain. I he ^'iews oi the i>rain in Figures 6.23a and 6.2.3b are nearly 
normal in a|)pearance. Figures 6.23c and 6.23d show “inilated" cortical surfaces, en¬ 
abling us to see regions that are nonnally hidden in the (ieplhs tjf sulci and fissures, 
fhe hidden regions are shown in dark gray, and regions that are normally visible 
(die surfaces of gTi i) are sliown in light gray. Figure t'>.23e sliows an unrtilllug of the 
cortical surface caudal to the dotted red line and green lines in Figure f>.23c and 
6,23d. (See Figure 6.2S.) 

Most of the outputs of the striate cortex—i>flen called \'i, because it is the lust 
region ol visual cortex—are sent to ar ea \'2, a region of die exirastriate cortex Just 
adjaccni to W. At this point, the padiways diverge. On the f>asis of dieir own re¬ 
search and a review of the liieratiire, Ungerlekler and Mrslikin (bJH2) conclnxled 
that the visual associaiion cortex contains two streams (d analysis: the dorsal stream 
and the ventral stream. Subsequent anatt)mical studies have conhrmed this conclu¬ 
sion (Baizer, Ungerleider, and Desimone, 1991). Some of the f>niputs of area M2 con- 


Figure 6.23 

Striate cortex and regions of extrastriate cortex of the human brain, (a) A nearly normal lateral 
view, (b) A nearly normal midsagittal view, (c) An inflated" lateral view, (d) An "inflated" 
midsagittal view, (e) An unrolling of the cortical surface caudal to the dotted red line and green 
lines shown in (c) and (d). 



From Tootell, B H., and Hadjikhani, N. Cerebrat Cortex, 2001, M, 298-311 
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timie for ward unvard a stnics of rcj^ions that cfjtisiiiiitc 
iho ventral stream; otfiers asceiul into regions of die dor¬ 
sal stream. The ventral stream recognizes ivhal an ohjc'ct 
is, and tlie dorsal stream recof^ni/es ruhere the object is lo 
caied. (See Figure 6.24.) 

As we saw, the parvocellulaiv koniocelltilar, and tnag- 
nocellnlai systems provide different kintls of information. 
The ma^nocellidar system is found in all mammals, 
whereas the parvocehular and koniocellnlar systems are 
found only in primates. These systems receive information 
fVom different types of f^anj^lion cells, which are con¬ 
nected to different types ol'bipolar cells and photorece]> 
tors. Otily the cells in the pai vocelhilar and koniocellnlat 
system receive information about wavelength from cones; 
thus, these systems analw.e informatirm concerning color. 
Cells in the parvt^celhilar svstem alst> show high spatial res¬ 
olution and low temporal resolution: that is, they are able 
to detect very fine details, but their response is slow and 
prolonged. The koniocellnlar system, which receives in- 
ftnanation onlv from "^blue*" cones, which are much less 
numerous than "rccrand "green^'cones, does not provide 
information about fine details, in conira.si, neunnisin the 
magiK)cellular system are color-blind. They are not able to 

delect fine details, but tliev can detect smaller contrasts 

* 

between light and dark. Thev are also especialIv sensitive 
to movement. (See Table 6.2.) 


Figure 6.24 

The human visual system, from the eye to the two streams of 
visual assodation cortex. 



Dorsal Sfream 


Striate cortex 
(primary visual 


Extra striate 
cortex 


Ventral Stream 


Second level ot visual 
association cortex in 
parietal Fobe 


Dorsal Jateral 
geniculate nucleus 


Thalamus 


Inferior temporal 
cortex: Second 
level of visual 
association cortex 


Perception of Color 

As we saw earlier, neurons withiti the CX> blobs in die striate cortex respond to col¬ 
ors, Tike the ganglion cells in the retina (and the parvocellular and koniocellnlar 
neurons in the dor.sal lateral geniculate nucleus), these neurons respond In oppf>- 
nent lash ion. This information is analvzed by the regions of the \isual association 
cortex that constitute the ventral stream. 


Table 6.2 


r T 

Properties of the Magnocellular, Parvocellular, and KonioceUular I 

Divisions of the Visual System 

I 

Property 

Magnocellular 

Division 

Parvocellular 

Division 

Koniocellular 

Division 

Color 

No 

Yes (from 'Yed'’ 
and '‘green" 
cones) 

Yes (from “blue” 
cones) 

Sensitivity to contrast 

High 

Low 

■ 

Spatial re soil! lion 
(ability to detect fine 
details) 

Low 

High 

Low 

Temporal resolution 

Fast (transient 
response) 

Slow (siLstatncd 
response) 

> 

■ 
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Animation 6.2, Color 
Constancy, demonstrates 
the effects of apparent 
illumination on our perception of 
color. 



color constancy The fe1ati\/eiy 
constant appearance of the colors 
of objects viewed under varying 
lighting conditions. 

achromatopsia (ay krohm a fop 
see a) Inability to discriminale 
among different hues; caused by 
damage to the visual association 
cortex. 


Studies with Laboratory Animals 

In ilio riinnkev liraiii, neurons in ifie (X) [)U>bs send information about color in 
a specific subarea of the extrasiriale cortex, /eki (H)H(J) found dial neunnis in tliis 
,subai ea (called V4) alsti respond selectively tt> cr>lors, but ibeir response clraracter- 
isiicsare much tiiore complex. Unlike tlie neurons we liave enc<)untered so tar, lliese 
neurons respond to a variety of wavelenj^ths, not just those that correspond lo red. 
green* yellow* and l)lue. 

The appearance ol the colors of objects remains tnncli die same wliether we ob¬ 
serve tlieni under artificial liglil* under an overcast sky* oral noon on a cloudless day* 
This pbeiioinenon is known as color constancy* Oni' visual system does not simply re¬ 
spond aecorcling to the wavelength of the light reflecTed by objects in eacli jiari oJ 
the visual field; instead* it compensates for the source of the light. Walsh et al. (I99S) 
fonnri that damage to area U4 disrupts color constancy. The investigators found that 
althongli monkeys could still discriminate between dilTerent colors alter area liad 
been damaged* their performance was impaired when llte color oi the overall ilhi- 
niiiiation was changed. But the fact that the monkeys could still perform a color dis¬ 
crimination task under constant illumination means iliai some region besides area 
\'4 nuisl be Involved in color vi,sion. Animation 6.2, Color Constancy, illustrates the ef¬ 
fects of the color of overall illumunaiion on color perception. 

A stutlv fw Hewond* (kiffan, and Uowey (1993) appears to liave found the region 
responsible for color vision in the monkey brain: area dT:C>* a portion tif the inferior 
temporal ctn tex just anterior in area \T* The investigators destroyed area TEC)* leav¬ 
ing area V4 intact, and observed severe impairment in color discrimination. The 
monkeys bad no difficultv discriminaiing shades of gray, so the deftcit <in this task ap¬ 
peared lo l>e restricted to color perception. (.As we will see latei; lesions of the infe¬ 
rior temporal cortex also disrupt the alnliiy to j^erceive and recogni/.e tjbjects.) 

Studies with Humans 

Lesions of a restricted region of the human extrasiriate cortex in the medial oc¬ 
cipital hibe can cause loss of coloi vision without disrupiion of visual acuity* The pa¬ 
tients describe their vision as resembling a black-and-white film. (Damasio et ah, 
1980; Kennard et al., 1993). The condition is kmnvn as achromatopsia {Aisit>n with¬ 
out color'9. If the bi ain damage is niiilaierah pet>ple will lose color vision in only half 
of the visual field. In adflition, tliey eaniutt even imagine colors or remember the col¬ 
ors of objects they saw before dieir brain damage occurred. 

A functional MRJ study l>y Hacljikhani ei al. (1998) found a color-sensitive region 
ill the inferior temporal cortex, in a position corresponding to TEO in the monkey's 
ctinex* whicli they called area V8. Indeed, lesions that cause achromatopsia damage 
\'8 or other brain regions that provide input to V8. (Refer lo Figi4re 6,23,) 

Of course, perception of colors is aseless in itself The function of our ability to 
perceive different colors is to help ns perceive different ohjecis in our environmeiit. 
Therefore, lo perceive and imdcrsland what is in front of us, we must have infor¬ 
mation about color combined with other forms of information. St>inc people with 
brain damage lose the ability tt> perceive shapes btu can still perceive colors. Ffu ex¬ 
ample* /eki ei al. (1999) described a patient who could identify colors but was cnh- 
erwise blind. Patient P. B. l eceived an electrical shuck that caused both cai cliac and 
respirantry arrest. He was revived, but the period of anoxia caused extensive dam¬ 
age to his extrastriate cortex. As a result, he hist all form perception. However, he 
could idenlifv the colors of objects presented on a video monium 


Analysis of Form 

The an ah sis of form bv the visual cortex begins with neurons in the striate ctntex 
that are sensitive to urieiuation and spatial frequency. These neurons send in- 
lormaiion to the extrastriate cortex* which consists of several sulnegions. I'hese sub- 
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Figure 6.25 

Areas of visual cortex in the rhesus monkey brain. 


Dorsal 

Stream 


Striate 
cortex 
(area VI) 


regions analyze the inrormatUni and send it alonitr the 
ventral stream toward ilie teni]3t>ral neocortex. 

Studies with Laboratory Animals 

In prhnaics, tlie recuj^nilion of visual paltcrns and 
identification of particular objects take place in the infe¬ 
rior temporal cortex, located on the ventral part of tlie 
temporal lobe. Tliis region oi’visital association cortex is 
located ai llie end of the ventral stream. It is here that 
analyses of form and color arc pni together and percep¬ 
tions of three-dimensional objects and backgrounds are 
achieved. Damage to the infcrioi^ temporal ccn tex causes 
severe deficits in visual discritninaiion (Misiikin, 1966; 

(iross, 1973; Dean, 1976), (See Figure 6,25.) 

Neurons in the inferior teitijjural cortex respond best 
to three-dimensional objects (or photographs of theni), 

Tliey respond poorly to simple si ii mil I such as spots, lines, 
or .sine-wave gratings. Most of them continue to respond 
even when these stitmiH are moved to a difTerent location, 
are changed in size, arc placed against a different back¬ 
ground, <jr are partially occluded by another object (Rolls 
and Baylis, 1986; Kovacs, Vogels, and Orban, 1995). Thus, 
they appear to participate in the recognition of‘ objects 
rather than the analysis of sp<‘cific features. 

Like other regions of the visual cortex, the inferior 
temporal coi tex is arranged in columns. Netiroiis in adja- 

cem regions usually respond to slightly different versions ol’tlic same stimuli. Forex- 
ample, several studies (for exampie, Desimone et ak, 1984) have found neunuis in 
liie temporal lobe of the rhesus monkey that are specifically excitefl by the siglu of 
amulter face—either that of another nioiikcv t>r that (>( a human. Some c4 these nen- 

j 

rons respond lo full-face views, and others respond to j^rofjles. Most of diese face-scit- 
silive cells are locatetl in areaTK and in tlic cortex that lines the anterior Ixink f)l Lite 
superi<jr temporal sulcus {area STS). (See Figure 6.25*) 


Posterior parietal 
cortex 



Verjtrai 

Stream 


Anterior bank of 
superior temporal 
sulcus (area STS) 


Inferior temporal 
cortex 


Adapted from Zeki, S. M Journal at Physiology, 1978, 277, 227-244 


Studies with Humans 

Damage to the human visual association cortex can cause a categm y of deficits 
known as visual agnosia. Agnosia (“failure to know"’) refers to an inability to perceive 
or identify a stimulus by means of a particular sen.scu v nuKlalitv, even lliough its 
details can be detected by means of that modality and the pei.soii retains relatively 
normal intellectual capacity. d/j/jmr/V/W visual agnosias are failures in highdevel 
perception, whereas visual agnosias arc disconnections between these per¬ 

ceptions and verbal sysietus. The distinct ion will be described in more detail later in 
this section. 

Apperceptive Visual Agnosia. People with appercepdve visual agnosia cannot 
identify common objects by sight, even though they may have relatively normal visual 
acuity. However, they noianally can still read—even small |.irini. When thev are per¬ 
mitted lo hold an object that they cannot recognize visually, they can normally 
recognize it riglit away by touch anrl say wbai it is. This ability demonstrates that they 
liave not lost their memory for the t>bject or fiave simply forgotten bow to say its 
name. 


Are Faces Special? A crmimon symptom of apperceptive vistial agnosia is 
prosopagnosia, inability to recogni/e particular faces (prosopon is Cireek for Tacc”). 
That is, patients with this disorder can recognize that they are looking at a face, but 


inferior temporal cortex In pri¬ 
mates the highest level of the 
ventral stream of the visual associ¬ 
ation cortex; located on the infe¬ 
rior portion of the temporal lobe, 

visual agnosia lag no iha) 
Deficits in visual perception in the 
absence of blindness: caused by 
brain damage. 

apperceptive visual agnosia 

Failure to perceive objects, even 
though visual acuity is relatively 
normal. 

prosopagnosia iprah soh pag no 
zha) Failure to recognize particu- 
Jar people by the sight of their 
faces. 
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fusiform face area A region of 
the extrastriate cortex located at 
the base of the brain; involved in 
perception of faces and other 
complex objects that require 
expertise to recognize. 


Figure 6.26 


The fusiform face area, located in the extrastriate cortex of the 
occipital lobe on the base of the brain. 



they cannot say whose Taco it is—t^ven if it belongs t<i a relative or close friend. Tlicy 
see eyes, eai’s, a nose, a mouth—bin cannoi recognize the panicnlai' cunfignration 
of these features lhai identifies an individnal face. They still renieinber who these 
peo[>le are and will usually recognize iheni when they hear tlieir voice. As one pa¬ 
tient said, ‘1 have trouble recognizing people httm just faces alone. I ktok at their 
hair color, listen to their voices ... I use clothing, voice, atid hair. \ try to associate 
sonieilnng with a persrm one way or another ... what iliey wear, how their hair is 
worn'' (Bnxbainn, (ilosser, and (-oslelt, 1999, p. 4t^). 

Some itivestigaiors believe that facial recognition is mediated by special circnils 
in the brain that are devoted to the specific analysis of facial features. The most re¬ 
cent evidence suggests that faces are indeed recognized by special circuits in tire vi¬ 
sual association cortex, but that these circuits are not genetically programmed as a 
Tace-recognizing device/' Instead, thtw develop through experience, and can be 
used for learning to recognize oilier types of visual siiinuli, 

T(i recognize a particular perstin's face, we must have neural circuits that can an¬ 
alyze subtle differences in the configuratitm of eyes, eyebrows, nose, cheekbones, 
lips, chin, and all the t>tlier features lliai distinguisli one face from another. SttHlies 
with brain-damaged people and functional imaging studies suggest that these spe¬ 
cial fkce-recognizing circuits arc found in tlie fusiform face area, a region of visual 
a.ssocunion cortex located in the extrastriate cortex at the base of the brain. (See 
Kiinwisher, McDermou, and T.hun, 1997, fora review.) Most studies intlicate that the 
right hemisphere is more ini[>oriani than the left, (See Figiov6.2^.) 

Perhaps the strangest piece ol evidence for a special face-recognitioit region 
conies from a report by Moscovitcli, Winocur, and Belirrnann (1997), wlio studied a 
man iviili a visual agnosia lor objects but not for faces. For example, he recognized 

the face shoivn in Figure 6.27 but not tlie Bowers and veg’ 
etables that compose it. (See Figure 6~27.) Presumably, bis 
geneial-purpose object-recognition circuiis were dam¬ 
aged, but the fnsiforni face region was noL 

So there seems t<j be a special region tlevtJled to 
recognition f>r faces. But must we conclude that the de¬ 
velopment of this region is a result of‘ natural selection? 
Several kinds of‘evidence suggest that the answer is no— 
iliat the face-recognition circuits tlevclop as a result of the 
extensive experience we have seeing people's faces. Be- 
cairse oj‘ iliis experience, we are all experts at recognizing 
faces. What about people who Inne become experts at 
recognizing other types of objecis? It appears that recog¬ 
nition of specific complex stimuli by exj^erts, too, is dis¬ 
rupted bv lesions that cause prosopagnosia: inability of a 
farmer to recognize his cows, inability of a bird expert to 
recognize different species of birds, and inability of a dri¬ 
ver [o recognize Ills own car except by reading its license 
plate (Bornsieiii, Stroka, and Miiniiz, 1969; Damasiu, 
Damasio, atul Van Hoesen, 19S2). 

In a functional imaging study, Gauthier et ai. (2000) 
found tluu when bird or car experts (bin not nonexperts) 
viewed pictures of birds or cars, the fusiform face area was 
activated. Another study (Ciauthier ei al., 1999) found 
that when people had spent a long time becoming famil¬ 
iar with cornpnier-generate<i objects diey called “gree- 
bles,'’ viewing the greebles activated the iusiform lace 
area. (See Figure 6.28.) 

As we will see in Cdiapter 16, people with autistic dis¬ 
order fail to dcveloji normal social relationsliips w'ttfi 


Fusiform 
face area 
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Figure 6.27 

Visual object agnosia without prosopagnosia- A patient could 
recognize the face In this painting but not the flowers and 
vegetables that compose it. 



Figure 6.28 

Some "greebles/' computer-created objects from the study by 
Gauthier and Tarr (1997). Greebles were categorized by family and 
gender, and different individuals each had their own particular 
shapes. Two greebles of the same gender and family would 
resemble each other more closely than any other two greebles. 
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Two greebles of the same 
gender and same family “ 



from Gauthier, 1,, and Tarr. M J, Vision Research, 1997. 1673-1682. 

Copyright 1996 with permission from Elsevier. 


Giuseppe Arcimboldo 1527-1593 Vertumnus. Erich Lessing/^ ^ R esource, 
New York 


Ollier jx'oplc. IntleetU in severe eases lliey ^ive n • >i^ns ihat they reefi/e lliat other 
people exist, (helf)tli, (xaiitliier, and ,Selmh/ JOd'i) loiind that people willi autistic 
disorder showed a delicil in tlie ability to vcL[>*t,uv/.c hues and dial kjokinj^ at faces 
failed to activate the fnsiffinn iis. The aiiil>i ] s speculate that the lac k of interesi 
in other [>eopk% caused by the Inain ahnonii: i lies resj^onsible for autisiii, resulted 
in a lack of moiivation that normallv pi’omt>t ’ die acquisition of ex[>ertise in rec- 
ogni/iiig faces as a child grows np. 

Ill -sniinnary, a Iace-reetignition region ciot*^ 'pjiear lo exist in the right fhsifoi in 
g\'rus, bill the circuits tliere are specialized foi rquicing expertise in recogni/ing a 
variety of closely relaled conqjlex visual stiinnli Hie neurai ciieniiry dial is res[3on- 
sible for f>in ability to rccfignize faces tlfies not x'eiii to be genetically progTainnied 
for only one type o( expei lise. 


>As50c/af/i/e Visual Agnosia. A [>ers( ni wii li a p]xn cepiive agn< isia who caniifii rec- 
figni/e conniifin objects also cannot draw dieia oi- ctjpv tidier people's drawings; 
iherelore, we ]5roperiy speak of a deheit in pvM ejilion. Howevei; tlie brains of peo¬ 
ple with an assiociative visual agnosia aj^jjcar to < onlain the neural cireuils necessary 
for olijeet l ecfignitlon litiL the people seem to bi> unaware of these pei ceplitnis. For 
exanijile, a padent studied by Raicliil anti New* oinbe (1982) coidd copy a drawing 
of an anchor (better than I could have done). I ’{‘lefore. he ninst have been able to 


I associative visual agnosia In¬ 
ability to identify objects that are 
perceived visually, even though 
the form of the perceived object 
can be drawn or matched with 
I similar objects. 
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Figure 6.29 

Associative visual agnosia^ (a) Model, (b) Patient's successful attempt to copy mode], (c) 
and {d) Patient's unsuccessful attempts to compEy with a request to ''draw an anchor." 



From Ratcliff. G.. and Newcombe, F., in NormaHty and Pathology in Cognitive functions, edited by 
A, W. Ellis, London: Academic Press, 1982. 


poiToivc iho shape ofllu^ aiiclior. However, he clicl not either ilie sanijile or 

ilie copv that he liad just drawn as being an anchor. W'hen a.sked on another occa¬ 
sion to dj aw a [^icuire of an anchor from meinorv {not Iroin a [>icun e), he could not 
(It) so. Kven diongli he could copy a real image ol an anclior, the word ro/rZ/r/y failed 
to profhicc' a tnenial image of one. (See figure 6.29.) W'hen asked on yet another oc- 
casitm lo define aftchon he said, brake for shi| 3 s,”so we can conclude that be knew 
what tlie word meant. 

Associative visual agnosia appears to involve a delkil in tlie ability lo iransi'er in¬ 
formation between die visual association cortex and brain meclianisms invtilved in 
language. That is, the person perceives the object well enougli to draw it. but fiis or 
her verlxil meclianisms do not receive tlie necessary information to produce the a[> 
pro[jriaie word or Lo think about wfiai tht‘ iibjecl is. In die prologue to lliis chajjter 
1 described Mr. M., a man ivbo ivas unable to recogni/e a picture of a cow until lie 
observed himseir making milking movements with his fiaiids. We might speculate 
dial fiis perce[>tual mechaiiisiiis in the vistial association cortex were relatively nor¬ 
mal ])ui dial conneclions between these meclianisms and the speech mecharusms ol 
die lei't hemisphere were disriqjted. However, die couneclions behveeii the peix'ej> 
lual meclianisms and tlie inouir ineclianisms of tlie liontal lobe were spared, per¬ 
mitting him to make appropriate movenienis when looking at some picuires. 

Perception of Movement 

We need to know not only what things ate. but also where iliey are and where diey 
are going. Without the alnlity in perceive the direction and veKicity of inov(^meni of 
olijects. we wtnild have no way to jiredici where liiey will he. We would be nnal^lc to 
catch them (or avoid letting them catch its). Tins section exannties the percepdon 
<jr movement; the hnal section examines die j^eiceptlon of location. 


Studies with Laboratory Animals 

One of tlie regions of the exirastriaie cortex—area Vn. also kiunvn as area M T, 
for merlial temporal—coiitaiiisneurons that respond lo movement. Damage lo this 
region severely disrupts a monkey's ability to perceive moving stimuli (Siegel atul 
Andersen. I98b). .Area Vo receives input direclly from ihe magnocellular sysunn via 












Analysis of Visual Information: Role of the Visual Association Cortex ^ 


181 



A tennis player must be able to perceive the direction and velocity of a tennis ball to 
predict Its trajectory and intercept It with his racket. Perception of motion is disrupted 
by damage to a particular region of the extrastriate cortex. 


the striate cortex and (Voni several rej^ioiis oi’tfie extrasli iate cortex. [i also receives 
itipiil ironi the siijjerioi eollictilus, 

A region adjaeciil to area Vo (soinetiriies called V5a hiU more <dten relei red I<j 
as MST, for medhil sujmlor tfuiparfil) receives iiiformaiioii about movemern Ironi V5 
and performs a fm llier analysis, MST neurons respond iocom[jlex [>attei ns ofinove- 
nient, ijicltiding ra<lial. circtilar. and sj^iral moiioii (see V'^^tina, 199S, fora review). 
One imporiani in net ion of tins legion—in parfirnlar, die dorsolaieral MST, or 
MS rd—appears to be analysis of optic flaw. As wt* move aronnef in our ein ironjneni 
or as objects in oiir environment move in relatir>n to us, ihe sizes, sftapes, and loca¬ 
tions ofenviromnenial features on uuv retinas change. Imagine tfie image seen fiya 
video camera as yoti walk along a street, pointing the lens of tfie camera straigln in 
front ofyou. Suppose youi‘ path will pass jttst U> tlie rigfit (da mailbox. The image ol 
the mailbox wifi slowly get iargei’. Finally, as von pass it, it will veer to the left and dis¬ 
appear. IV>ints on the sidewalk will move downward, and braru hes ol trees that von 
pass nndei will move npw'ard. Analysis of the rtdalive mi>vement of the visual ele- 
meius of yonr environment—^the optic flow^^—^wifl tell yon where ytm are heading, 
how' fast you are apiiroacliing diJTerem items in from t)i yt>u, and whetfter yon will 
pass to tin' left t>r right (or tnirler or over) diese items, riie point toward which yon 
are moving doc^s not move, btit all otfjer points in the visual scene move away from 
it. Therefore, this point is called llie a’tifn of rxffafismtt. If von keep moving in the 
same direction, yon will eventnalfy hnm[> into an cdijeci that lies at the center of ex¬ 
pansion. We can also use op tic flow' tt> determine wfi ether ati object approaching ns 
will lilt tis or pass ns by. Neurons in MSTd of monkeys respt^nd selectlyeU' to optic 
How, and disruption of the actiyitv t)f‘MSTd neurons flisrupts monkeys' ability to 
perceiye direction tif heading (Bradlev ei al,, H196: Britten and van Wezel, 199S). 


Studies with Humans 

Bilateral damage to parts ofthe yisnal asstjciation cortex ofilie htiman brain can 
[>nidttce an inal>iliiy to petceive movement—akinetopsia. Foi example, /ahl el al. 
(1991) reported tfie case of a wxnnan with bilateral lesions of ibe lateral occipital cor¬ 
tex and area V:>. 

I’alient L. M. hatl an almost total loss of iinivemeul perceptit>n. She was unable 
to cross a street williout trailic iiglils because she etniki iu>t judge the speed at which 


optic flow The complex motion 
of points m the visual field caused 
by relative movement between 
the observer and environment; 
provides information about the 
relative distance of objects from 
the observer and of the relative di¬ 
rection of movement. 

akinetopsia Inability to perceive 
movement caused by damage to 
area V5 (also called MST) of the 
visual association cortex, I 
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Animation 6.3, Motion 
Aftereffects, demon¬ 
strates variations on the 




waterfali effect/ 



Animation 6.4, Form 
from Motion, shows 
how familiar movements 
of people can be recognized 
from the coordinated movement 
of a few points of iight. 


Figure 6.30 

Responses to viewing form from motion. Horizontal and lateral 
views of neurai activity while the subject was viewing videos of 
biological motion such as those shown in Animation 6.3. 
Maximum activity is seen in a small region on the ventral bank of 
the posterior end of the superior temporal sulcus, primarily in the 
right hemisphere. 


car.swcrt' moving. Aliliongli she could perceive movemenis, slie Idnnd iiKJviiig objects 
very imjjleasaiu lu look al. For example, while talking with another peisoii, she 
avoided looking at the perst)n*s uKuith because she lotmd its moverneiUs vei y dis¬ 
turbing. When the investigators asked her tt) try to delect movements of a visual tar¬ 
get lu the laboralory; she said, “First the laiget is completely al rest. Then it suddenly 
jumps upwards and dmvnvvards” (p. 2244). She was able to see that the target was 
constantly changing its position, but slie was unaware of anv sensation ofbnovemetil. 

As we saw in the previous subsection, neurons in area MSTd ol’ilie monkev brain 
respond to optic flow, an iinpoi tant source o[‘infonnaiiun about the direcliou in 
whiclt the animal is heading. A funcuonal imaging study by Peuskens el al. (2001) 
found that the same region became active when subjects judged their heading while 
viewing a (lisplay showing optic flow. In addition, Vaina and fier colleagues (Joniales 
et al., 1007; Vaina, 1998) found that people with lesions that ineludcd this region 
were able to perceive motit>n but could not perceive beading from o[>tk: How, (Aiii- 
mafion 6.5, Motion illustrates movemeiiHelated phetiomena.) 

Pet cc'pliun of movement can even \\v\p ns perceive ihree-dimensional ibrms— 
a phenomenon known as form from Johansson (1973) tleinonstrated just liow 

much iulormation we can derive from movement. He chessed actors in lilack and at¬ 
tached small lights to several jjoims on iheii' bodies, .sucit as their wrists, elbows, 
shoulders, hips, knees, and feet. I Ic made movies of du- actors in a darkened room 
while ihev were performing various beliaviors, sndi as walking, running. Jumping, 
limping, doing [>usli-ups, and dancing witli a jDartiier who was also eqni[)[>ed with 
ligins. Kveii though 4>bservers who watched the films could seeonlv a [>atiern oimov¬ 
ing lights against a dark hackgronncl, ihev could readily [>erceive the pattern as be- 
Uniging to a moving biiniaii and ctnild identify llie behavioi“ the actor was 
perfbi ining. Subsequeiit studies (Ko/kmski and (anting, 1977: Barclay, Caniiiig, and 
Kozlowski, 1978) showed that people conkl even tell, wiili reasoitaltle accuracy, the 
sex of the actor wearing the lights. Tlie cvies appeared to he supplied bv the relative 
amounts of movemem of ilie sliouiders and hips as the person walked. 

.\ lunctional imaging study by Ch’osstnan et al. (2099) found lhat when peojile 
^ iewed a video that showeci fortn Irom nnaion, a small region on the ventral hank of 
the [)osier]or end of the superior leinporai sulcus became active. More ac livitv was 

seen in the right hemisphere, whether ilui^ images were 
piesenied to the Icli or right visual Held. (For a demon¬ 
stration of iliis [jhenomenon, see Ammatioti 6A^ Form 
from MotionJ) (irossman and Blake (2001) ionnd that this 
legion became active even when people that 

they were watching poitits of light representing form 
horn motion. (See Fignre 630,) 



From Grossman, E. D., and Blake. R. Wsron He^earch, 2001.4 f 
1475-1482 Copyright 2001. with permission from Elsevier. 


Perception of Spatial Location 

As we jtist saw, all subareas f)i the exirasu iaie conex send 
information to the ird'erior temporal ccji tex, the regioit 
in which object [lercepiion aj)peats m take place. In ad- 
diiicju, three subareas of the exirasiriate ctn iex—tho.se 
involved with color, orientation, at id tnovemeni—send 
information throitgh area V5 to the pai ietal cortex. (Re¬ 
fer to Figure 6.25.) f ile ]]iarietal lobe is involved in spatial 
percepiion, and it is through these connections iliat it re¬ 
ceives its vi.snal in[)ut. Damage to the [>arieial lobes dis- 
rn[)ts perfonnatu’c on a variety of tasks that require 
perceiving and lememberitig the locations of objects 
(Ungerleider and Mishkin, 1982), and functional imag¬ 
ing studies have revealed increased aciivaiicm o( ilie dot- 
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Figure 6.31 

Construction of a mental image. Subjects imagined the construaion of an assembly of cubes as the 
experimenter indicated the location of each new block, (a) An assembly produced by the following 
directions: right, down, down, back, back, back, up, up, back, back, right, (b) Neural activity during 
the imaginary construction task, as measured by functional MRj. 



Superior Inferior Dorsal 

extraslhate parietal premotor 



Inferior temporal cortex 

(b) 


From Mellett, E., Tzourio, N., Crivello, F., Jollot, M., Denis, M., and Mazoyer, B, Journat of Neurosdence. 1996, 
W, 6504^51 2 Copyright 1996 by the Society for Neuroscience. 


sal stream when people perform tasks that require them to remember the spatial io- 
caiiou r>rvisual stimuli (Ilaxhyei ak, 1994). 

A junctional imaging siuclv bv Mellel el al, (1996) showed that the dorsal slreani 
is involved in die const met ion of' mental images of ihree-diniensional objects ac¬ 
cording to verbal instructions. The invesiigator.s asked jieople in imagine an assembly 
of cube-shajied blocks, put togeilier one by one. For example, the assembly in Figure 
6.31 begins with the block shown in blue, Tlie second block goes to the right of the 
first, the third goes below the second, the fonrlli goes below the third, and st> on. (See 
Figure 6.31a.) Funciitmal MRI images dial were taken while the subjects were erm- 
stnicting the mental images of these objects found increased activit)^ in a lyilateral 
occipiioparietal-frontal network that included the superior extrasti iate coi lcx of the 
occipital lobe, inferior parietal cortex, and dorsal premotor cortex of ilie frontal lobe. 
Activity was also seen in the right inferior tempoial cortex. (See Figure 6.31b.) Thus, 
imagining die construction of a diree-dimensional assembly involves the tlorsal stream 
(where spatial perception takes place) and the frontal lolyes (wltere planning of move’ 
ments takes place). The invoivemeiu of the ventral stream of the right hemisphere 
may rellect the yyeople's recognition of ifie imaginary shape they fiad constructed. 


INTERIM SUMMARY 


Analysis of Visual Information: 

Role of the Visual Association Cortex 

The visual cortex consists of the striate cortex, the extrastriate cortex, and the visual associ¬ 
ation cortex of the inferior temporal lobe and the posterior parietal lobe. There are at least 
twenty-five different subregions of the visual cortex, arranged in a hierarchical fashion. The 
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color-sensitive cells in the CO blobs in the striate cortex send information to areas V4 and V8 
of the extrastriate cortex. Damage to the area V4 abolishes color constancy (accurate per¬ 
ception of color under different lighting conditions), and damage to area V8 causes achro¬ 
matopsia, a loss of color vision but not of form perception. A condition opposite to 
achromatopsia can also be seen: A patient with extensive damage to the extrastriate cortex 
was functionary blind but could still recognize colors. His brain damage apparently de¬ 
stroyed regions of the visual association cortex that are responsible for form perception but 
not those for color perception. 

The visual cortex is organized into two streams. The ventral stream, which ends with the 
inferior temporal cortex, is involved with perception of objects. Lesions of this region disrupt 
visual object perception. Also, single neurons in the inferior temporal cortex respond best 
to complex stimuli and continue to do so even if the object is moved to a different location, 
changed in size, placed against a different background, or partially hidden. The dorsal 
stream, which ends with the posterior parietal cortex, is involved with perception of spatial 
location and movement. 

Functional imaging studies indicate that specific regions of the cortex are involved in 
perception of form, movement and color, and these studies are enabling us to discover the 
correspondences between the anatomy of the human visual system and that of laboratory 
animals. Studies of humans who have sustained damage to the visual association cortex have 
discovered two basic forms of visual agnosia. Apperceptive visual agnosia involves difficulty 
in perceiving the shapes of objects, even though fine details can often be detected. 
Prosopagnosia—failure to recognize faces—appears to be caused by damage to the fusiform 
face area, a region on the medial surface of the right occipital cortex. The development of 
this region appears to be a result of extensive experience looking at faces; expertise with 
other complex stimuli such as cows, birds, cars, or even artificial creatures (greebles) causes 
the development of circuits devoted to the perception of these stimuli as well. The fusiform 
face region fails to develop in people with autism, presumably because of insufficient moti¬ 
vation to become expert in recognizing other people's faces. 

The second basic form of visual agnosia, associative visual agnosia, is characterized by 
relatively good object perception (shown by the fact that the patients can copy drawings of 
objects) but the inability to recognize what is perceived. This disorder is probably caused by 
damage to axons that connect the visual association cortex with regions of the brain that 
are important for verbalization and thinking in words. Some patients with this disorder can 
describe or mime actions appropriate to the objects they see but cannot recognize. 

Damage to area V5 (also called area MT) disrupts an animal's ability to perceive move¬ 
ment, and damage to the posterior parietal cortex disrupts perception of the spatial loca¬ 
tion of objects. Damage to the human visual association cortex corresponding to area V5 
disrupts perception of movement, producing a disorder known as akinetopsia. In addition, 
functional imaging studies show that perception of moving stimuli activate this region. In 
both monkeys and humans, area MSTd, a region of extrastriate cortex that receives infor¬ 
mation from area V5, appears to be specialized for perceiving optic flow, one of the cues we 
use to perceive the direction in which we are heading. The ability to perceive form from mo¬ 
tion—recognition of complex movements of people indicated by lights attached to parts of 
their body—is probably related to the ability to recognize people by the way they walk. This 
ability apparently depends on a region of cerebral cortex on the ventral bank of the poste¬ 
rior end of the superior temporal sulcus. 

THOUGHT QUESTIONS 

1 * Some psychologists are interested in "top-down" processes in visual perception— 
that is, the effects of context on perceiving ambiguous stimuii. For example, If you 
are in a dimly lighted kitchen and see a shape that could be either a loaf of bread or 
a country mailbox, you will be more likely to perceive the object as a loaf of bread. 
Where in the brain might contextual information affect perception? 

2. A neurologist friend once told me about a patient he saw who had such severe 
prosopagnosia that he could not even recognize his wife by sight. One day, while 
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my friend was examining the patient, the patient's wife entered the hospital roonn» 
"Can you tell me who that is?" he asked, wanting to determine whether the pa¬ 
tient's symptoms had improved. "I don't know," he said, "but it certainly can't be my 
dear Lucie," But it was. What type of prosopagnosia did the man have, apperceptive 
or associative? How might we explain his behavior? 


EPILOGUE 


Case Studies 


The discussion of Mr. M. in the prologue 
raises an issue about research that I 
would like to address: the issue of mak¬ 
ing generalizations from the study of an 
individual patient. Some researchers 
have argued that because no two peo¬ 
ple are alike, we cannot make general¬ 
izations from a single individual like Mr, 
M. They say that valid inferences can be 
made only from studies that involve 
groups of people, so that individual dif¬ 
ferences can be accounted for statisti¬ 
cally. Is this criticism valid? 

The careful, detailed investigation of 
the abilities and disabilities of a single 
person is called a case study. In my opin¬ 
ion, case studies of people with brain 
damage can provide very useful infor¬ 
mation* In the first place, even if we 
were not able to make firm conclusions 
from the study of one person, a careful 
analysis of the pattern of deficits shown 
by an individual patient might give us 
some useful ideas for further research, 
and sources of good ideas for research 
should not be neglected. But under 
some circumstances we can draw conclu¬ 
sions from a single case. 

Before describing what kinds of in¬ 
ferences we can and cannot make from 
case studies, let me review what we 
hope to accomplish by studying the be¬ 
havior of people with brain damage* 

The brain seems to be organized in 
modules. A given module receives infor¬ 
mation from other modules, performs 
some kinds of analysts, and sends the re¬ 
sults on to other modules with which ft 
communicates. In some cases, the wiring 
of the module may change. That is, 
synaptic connections may be modified 
so that in the future the module will re¬ 
spond differently to its inputs* {As you 
will see in Chapter 12, the ability of 
modules to modify their synaptic con¬ 


nections serves as the basis for the abil¬ 
ity to learn and remember) 

If we want to understand how the 
brain works, we have to know what the 
individual modules do. A particular 
module is not responsible for a behav¬ 
ior; instead, it performs one of the many 
functions that are necessary for a set of 
behaviors. For example, as I sit here typ¬ 
ing this epilogue, I am using modules 
that perform functions related to pos¬ 
ture and balance, to the control of eye 
movements, to memories related to the 
topic lam writing about, to memories of 
English words and their spellings, to 
control of finger movements. . . well, 
you get the idea. We would rarely try to 
analyze such a complex task as sitting 
and writing an epilogue; but we might 
try to analyze how we spell a familiar 
English word. Possibly, we use modules 
that perform functions normally related 
to hearing: We use these modules to 
"hear" the word in our head and then 
use other modules to convert the sounds 
into the appropriate patterns of letters. 
Alternatively, we may picture the word 
we want to spell, which would use mod¬ 
ules that perform funaions related to 
vision, I do not want to go into the de¬ 
tails of spelling and writing here {they 
will be covered in Chapter 13), but I do 
want you to see why it is important to 
try to understand the functions per¬ 
formed by groups of modules located in 
particular parts of the brain* In practice, 
this means studying and analyzing the 
pattern of deficits shown by people with 
brain damage* 

What kinds of conclusions can we 
make by studying a single individual? 

We cannot conclude that because two 
behaviors are impaired, the deficit is 
caused by damage to a set of common 
modules needed for both behaviors. In¬ 


stead, it could be that behavior X is im¬ 
paired by damage to module A and be¬ 
havior Y is impaired by damage to mod¬ 
ule B and it just happens that modules A 
and B were both damaged by the brain 
lesion. However, we can conclude that if 
a brain lesion causes a loss of behavior X 
but not of behavior Y, then the func¬ 
tions performed by the damaged mod¬ 
ules are not required to perform behav¬ 
ior Y. The study of a single patient 
permits us to make this conclusion. 

The conclusion might seem rather 
modest, but it can advance our under¬ 
standing of the types of brain functions 
Involved in particular behaviors. For ex¬ 
ample, Mr. M. could not tell us that a 
picture he was looking at showed a cow, 
but he could make hand movements 
that a person would make only with re¬ 
spect to a cow. Therefore, we can con¬ 
clude with certainty that brain damage 
that prevents a person from verbally 
identifying a particular visual image will 
not necessarily prevent the person from 
making hand movements appropriate to 
that image. Perhaps the brain has two 
perceptual systems, each with an inde¬ 
pendent set of modules devoted to ana¬ 
lyzing visual images: one perceptual sys¬ 
tem connected to verbal mechanisms 
and the other connected to mechanisms 
involved with hand movements. Al¬ 
though we cannot rule out this possibil¬ 
ity, it seems unlikely that the organiza¬ 
tion of the brain is so wasteful of 
resources. Instead, it seems more likely 
that a single set of modules is devoted 
to analyzing visual images, and the in¬ 
formation analyzed there is sent to sev¬ 
eral different parts of the brain. Possi¬ 
bly, then, Mr. M.'s brain lesion disrupted 
the pathway bringing visual information 
to modules involved in verbal mecha¬ 
nisms but did not disrupt the pathway 
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bringing it to modules involved in con¬ 
trol of hand movements, (if this conclu¬ 
sion were true, we would say that asso¬ 
ciative visual agnosia is a disconnection 
syndrome —a syndrome caused by a dis¬ 
connection between particular sets of 


modules.) Of course, to confirm this hy¬ 
pothesis, we need to make further ob¬ 
servations on other patients. 

You can see that although case stud¬ 
ies do not permit us to make sweeping 
conclusions, under the right circum¬ 


stances we can properly draw firm if 
modest conclusions that help us to un¬ 
derstand the organization of the brain 
and suggest hypotheses to test with fur¬ 
ther research. 


r key concepts 1 


THE STIMULUS 

L Light, form of clcclrutiuigiictic mdiutioii, can vary 
in wavelength, intensity, and puricx; it can tlms give 
rise to dilTerences in perceptions cjldine, brightness, 
and sauiraiion. 


ANATOMY OF THE VISUAL SYSTEM 

2, The eyes are complex sensory organs that focus an 
image of tlie enviromiieni on the retina. Tlie retina 
consists of three layers: the photoreceptor layer 
(rods and cones), the bipolar cell laver, and the gan¬ 
glion cell layer. 

3. Information from the eye is sent to the parvoceihi¬ 
lar and niagn Orel hilar layers oi' the dorsal lateral 
geniculate nncletis and then to the primary visual 
cortex (striate cortex). 


CODING OF VISUAL INFORMATION 
IN THE RETINA 

4, Wlien ligiu strikes a molecule of photopigmeni in a 
pholorecepioi, the molecule splits and initiates a re¬ 
ceptor potent iak 

5. Ciaiiglion cells of the retina respond in an opposing 
cemei /sitnouiui lashion, 

h. {]olors are detected by three types of cones, atul the 
code isciianged into an opponent-process system by 
the lime it reaches the retinal ganglion ceils. 


ANALYSIS OF VISUAL INFORMATION: 
ROLE OF THE STRIATE CORTEX 


7, Neurons in the striate cortex are organized in mod¬ 
ules, eacli coiUaiiiiug two blobs. Neurons williin the 
blobs respond to color; lliose outside the blobs re- 
Sjjond to orientation, spatial frequency, moveinetii, 
anti retinal disparity. 

S. \'isiial information is processed bv two parallel sys¬ 
tems, the magnocelluUir system and the parvocelhi¬ 
lar system. 


ANALYSIS OF VISUAL INFORMATION: 

ROLE OF THE VISUAL ASSOCIATION CORTEX 

9. Specific regions of the prestriate cortex receive in- 
formatitm about specific featiiies of tlu‘ visual scene 
from the siriaie cortex, analvy.e it, and send their in¬ 


formation on to higher levels of association cortex. 
10. fhe association cortex of liie infenoi‘ temporal 


gyrus (ventral stream) recognizes tlie shape of ol>- 
jects, vvliereas the parietal coitex (dt>rsal stream) rcc- 
ugntzes their locatitiii. 

1 1. Damage to liie visual association cortex can produce 
apperceptive or assoeiaiive visual agnosia in humans. 
The fusiform g\Tus on the base of the occipital lobe 
is involved in perception of faces and other particu* 
larly complex stimuli. .\ region located in the ex- 


irastriaie cortex (V8) is involved in color vision. 4'he 


region ct>rresponding to area V5 is involved in per- 
cepiion of movement, and a nearby regit>n (MSTd) 
is itivolvcd in perception of optic flow. 
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Retina Reference 

htt p ://ret i n a. a nato m y. u pe n n. ed u/-1 a nce/retl na/ret ina.html 

riu‘ anatoiiiv of ilu- rriinu is ihc focus uf this sitr. The she 

f 

coiiiains sotiic niarv<‘lous iiuaj^es and flia^nnns oi the retina 
anti visual sv'siem* 

Perception: An Introduction to the Gestatt-Theone by Kurt Koffka 
(1992) 

WWW. y o r k u. ca /d e pt/psych/cl a ssi cs/ K off k a/Pe rce ptio n/ 
perception.htm 

riiis siie ct iuiains a li anslalitni of poi lions of a hook by Kurt 
K(»fflsa (19t)2) vvliich ouilines ilu* i^eneral (iesiah view ol 
perfe]jtion. 


Tutorials in Sensation and Perception 
http://psych.hanover.edu/Krantz/sen_tut.html 

This peircjitiun sht‘ contains iiiunials and deinonsi rat ions 
<in visual ]M't ce]HioTi iucLudin^ visual aftereffects, luoiitui il- 
lusioiis^and receptive Helds, 

Blindsight Demonstration 
http://serendip.brynmawr.edu/bb/bl)ndsight.html 

riiis site [ii’ovides an tailine deinoiistraiion ih the [>heiionK'- 
ntjji kiu^wn as hlindsigln. 




Audition, the Bod 
Senses, and the 
Chemical Senses 


LEARNING OBJECTIVES 


■ Audition 

The Stimulus 

Anatomy of the Ear 

Auditory Hair Cells and the 
Transduction of Auditory 
Information 

The Auditory Pathway 

Perception of Pitch 

Perception of Timbre 

Perception of Spatial Location 

Behavioral Functions of the 
Auditory System 

INTERIM SUMMARY 

■ Vestibular System 

Anatomy of the Vestibular 
Apparatus 

The Receptor Cells 

The Vestibular Pathway 

INTERIM SUMMARY 

m Somatosenses 

The Stimuli 

Anatomy of the Skin and its 
Receptive Organs 

Perception of Cutaneous 
Stimulation 

The Somatosensory Pathways 
Perception of Pain 

INTERIM SUMMARY 

■ Gustation 

The Stimuli 

Anatomy of the Taste Buds 
and Gustatory Cells 

Perception of Gustatory 
Information 


1 . Describe the parts of the ear and the auditory pathway* 

2. Describe the detection of pitch, timbre, and the location of the source of a sound. 


3. Describe the structures and functions of the vestibular system* 

4. Describe the cutaneous senses and their response to touch, temperature, and pain, 

5. Describe the somatosensory pathways and the perception of pain, 

6p Describe the four taste qualities, the anatomy of the taste buds and how they 
detect taste, and the gustatory pathway and neural coding of taste* 

7, Describe the major structures of the oifactory system, explain how odors are 
detected, and describe the patterns of neural activity produced by these stimuli 


The Gustatory Pathway 

INTERIM SUMMARY 

■ Olfaaion 

The Stimulus 

Anatomy of the Olfactory 
Apparatus 

Transduction of Oifactory 
Information 


Perception of Specific Odors 


INTERIM SUMMARY 













PROLOGUE 


All in Her Head? 


Melissa, a junior at the state university, 
had volunteered to be a subject in an 
experiment at the dental school. She 
had been told that she might feel a lit- 
tie pain but that everything was under 
medical supervision and no harm would 
come to her She didn't particularly like 
the idea of pain, but she would be well 
paid; and she saw in the experience an 
opportunity to live up to her own self- 
image as being as brave as anyone. 

She entered the reception room, 
where she signed consent forms saying 
that she agreed to participate in the ex¬ 
periment and knew that a physician 
would be giving her a drug and that her 
reaction to pain would be measured. 

The experimenter greeted her, led her to 
a room, and asked her to be seated in a 
dental chair. He inserted a needle at¬ 
tached to a plastic tube into a vein in her 
right arm so that he could inject drugs, 
"First," he said, "we want to find out 
how sensitive you are to pain." He 
showed her a device that looked some¬ 
thing like an electric toothbrush with a 
metal probe on the end, "This device 
will stimulate nen/es in the pulp of your 
tooth. Do you have some fillings?" She 
nodded, "Have you ever bitten on some 
aluminum foil?" She winced and nod¬ 
ded again. "Good, then you will know 
what to expect." He adjusted a dial on 
the stimulator, touched the tip of it to a 
tooth, and pressed the button. No re¬ 
sponse. He turned the dial and stimu¬ 


lated the tooth again. Still no response. 
He turned the dial again, and this time, 
the stimulation made her gasp and 
wince. He recorded the voltage setting 
in his notebook. 

"Okay, now we know how sensitive 
this tooth is to pain. Now Tm going to 
give you a drug we are testing. It should 
decrease the pain quite a bit." He in¬ 
jected the drug and after a short while 
said, "Let's try the tooth again." The 
drug apparently worked; he had to in¬ 
crease the voltage considerably before 
she felt any pain. 

"Now," he said, "I want to give you 
some more of the drug to see if we can 
make you feel even less pain," He gave 
another injection and, after a little wait, 
tested her again. But the drug had not 
further decreased her pain sensitivity: 
instead, it had increased it; she was now 
as sensitive as she had been before the 
first injection. 

After the experiment was over, the 
experimenter walked with Melissa into 
a lounge, "I want to tell you about the 
experiment you were in, but I'd like 
to ask you not to talk about it with 
other people who might also serve as 
subjects." She nodded her head In 
agreement, 

"Actually, you did not receive a 
painkiller. The first injection was pure 
salt water." 

"It was? But I thought it made me 
less sensitive to pain." 


"It did. When an innocuous sub¬ 
stance such as an injection of salt water 
or a sugar pill has an effect like that, we 
call it a placebo effect.'" 

"You mean that it was all in my 
mind? That I only thought that the 
shock hurt less?" 

"No, Well, that is, it was necessary 
for you to think that you had received a 
painkiller. But the effect was a physio¬ 
logical one. We know that, because the 
second injection contained a drug that 
counteracts the effects of opiates." 

"Opiates? You mean like morphine 
or heroin?" 

"Yes," He saw her start to protest, 
shook his head, and said, "No, Tm sure 
you don't take drugs. But your brain 
makes them. For reasons we still do not 
understand, your believing that you had 
received a painkiller caused some cells in 
your brain to release a chemical that 
acts the way opiates do. The chemical 
acts on other neurons in your brain and 
decreases your sensitivity to pain. When 
I gave you the second injection^—the 
drug that counteracts opiates—your 
sensitivity to pain came back." 

"But then, did my mind or my brain 
make the placebo effect happen?" 

"Well, think about it. Your mind and 
your brain are not really separate. Expe¬ 
riences can change the way your brain 
functions, and these changes can alter 
your experiences. Mind and brain have 
to be studied together, not separately," 


0 no cliapic?r was clcvoiccl to vision, but lilt* rest of die sensory modalilies must 
share a chapter. This unequal allocation ol sj^aee lellecis the relative impor¬ 
tance of vision to (>ur s[)ecies and the relative amoiitu ofiTsearch that has been 
devoted to il. This chapter is divided into live major sections, which discuss audition, 
the vestibular sysLem, the stnnatosenses, gustation, and olfaction. 




Audition 


For most people audit ion is the second most importanl sense. The value of vcri>al 
coninmnicaiion makes it even more imponani than vision in some respects; for ex¬ 
am jjle, a blind ]>erson can join others in conversaiion far more easily ihan a <leaf per¬ 
son cati. (Of course, deaf f>eople can use si^n lanjrnajre to converse.) Aeonsiic stimuli 
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pitch A perceptual dimension of I 
sound: corresponds to the funda- * 
mental frequency. 

hertz (Hz) Cycles per second. ‘ 

loudr>ess A perceptual dimension 
of sound; corresponds to rntenslty. | 

timbre itim ber or tamm ber) A I 
perceptual dimension of sound; ■ 
corresponds to complexity, I 

tympanic membrane The 

eardrum- 

ossicle {ahss / ku!) One of the 
three bones of the middle ear, 

malleus The "hammer"; the first 
of the three ossicles. 

incus The "anvil"; the second of 
the three ossicles. 

sta pes (s tay peez) The ' sti rru p"; 
the last of the three ossicles. 

cochlea (coclr /ee uh) The snail- 
shaped structure of the inner ear 
that contains the auditory trans¬ 
ducing mechanisms. 


also proviclt^ infoi niatlon aboui ihiiijir.s tluu aiv hidden fi uni view, and onr ears work 
just as well in tlie dark. This seciicjii descril)es the nature ul tlie slininlns* the seirsni y 
receptors* tlie brain median isms tlevnied u> audition, and .some of tlie details t>f die 
pliysiologt^ oi’auditory perception. 

The Stimulus 

\^'e licar sounds, tvliicli are produced by objects llial vibrate and set niolecnles of air 
into motion. Wlien an object viljiates^ its iilavements cause nioleeules of aii sur- 
roundinjr ii alternaiely to condense anri rarefy (pull apart), producing waves tliai 
travel away from the object at apjjroximately 700 miles per lioim If the vibration 
ranges between approximately '10 and 2(MJd0 limes per second, lliese waves will slim- 
nlaie receptor cells in our ears and will be perceived as .sounds. {See Figure 7.L) 

In (Chapter 0 we .saw dial light has dnee perceptual dimensions—hue, brighi- 
ness, and saturation—dial correspond to tliree physical dimensions. Similarly, 
sounds\ ary in dieir pilch, iondiiess, and timln’e. The perceived pitch of an audilorv 
stiiiinliis is deiermined by die iiecjuency of vibration, wiiicli is measured in hertz 
(Hz), or cycles per second. (The term honoi s ITcinrich Hcri/, a nineteen tli-century 
(German physicist.) Loudness is a ffmciioii of intensity-—the degree to which the con¬ 
densations anti rarefactions of air dilfei’ from each odier. More vigorous vibrations 
of an object produce more intense sound waves and hence louder ones. Timbre pro¬ 
vides information about tlie nature of tlie pardcular sound—^for example, the sound 
of an oboe or a train whistle. Most natural acoustic stimuli are complex, ctmsisiing 
ol'several dif fereni fre<:|iiencies of vibi aiioii. The particular mixiLire detentiines the 
sou neks timbre. (See Figure 7.2.) 


Anatomy of the Ear 

Figiiie 7.3 shows a section through the ear and auditory canal and illnsuates the a|> 
paratus of tlie middle and inner eai. (See Figitre 7.5.) S<nmd is funneled via the p/Jtua 
(exiernal ear) through tlie ear canal to die tympanic membrane (eardrum), which 
vibrates with the sound. 

The middle mriiomhis t>f a hollow reghm behind the tynij^anic membrane, a|> 
proximately 2 ml in volume. Ii eoiitains the bones of the midcile ear, called the ossi¬ 
cles, wliich are set into vibi alion by die tympanic meml>rane. {As we saw in (Ihapier 
I, two of these hones evolved from part of die rcjDiiliaii jaw.) The malleus (liammer) 
coniiecis with tlie ivmpanic membrane aiul transmits vibrations via llie incus (anvil) 
and stapes (stirrup) to die cochlea, the strucuire that coiiiains the receptors. The 


Figure 7.1 

Sound waves. Changes in air pressure from sound waves move the 
eardrum in and out. Air molecules are closer together in regions of 
higher pressure and farther apart in regions of lower pressure. 



/ *»■.*** / 
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Figure 7.2 

The physical and perceptual dimensions of sound waves. 
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Figure 7.3 

The auditory apparatus. 
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basfplate of the stapt’S presses against the membrane behind ilie oval ivindow, l!ie 
opening in tfte l>onv process .snrrounding the corhlea. (See Figure 7.J.) 

The cochlea is part t>l’the itutermi: U is lllled with fluid; therefore, sounds trans¬ 
mitted tlirough the air must l)e transferred into a liquid medium. This process nor- 
mally is %ery inefncieni—1)9.9 |>erceni of the energy nf‘ airborne sound would be 
reflected away il the air impinged directly against the oval window of ihe cochlea. 
The chain <d’ossicles serves as an extremely efilcieiit means of energ) iransmis.sion. 
The bones juovide a mechanical advantage, with the baseplate ofThe stapes making 
smaller but more forceful excursions against the oval window than the lyiupaiiic 
membrane makes against the malleus. 

rite name comes from the (ireek wi>rd kokhhs, or “laud snail."' U is indeed 

snail-shaped, consisting of two anti ibree-quariers turns of'a gradually tapering cylin¬ 
der, 35 nun (1.37 in.) long. The cochlea is divided longitudinally into three sections, 
the stnlrf ves/ilfuli ('Vestibular stairway”)» the ,scal(f media (“middle stairway”), and the 
sfftla f-^mlHini (“tympanic stairway”), as shown in Figure lA. Tlie receptive organ, 
know'n as the organ of Cord, consists of the bmilar membrane^ the hairfvlh^ and the iev- 
Umal membrane. The auditory receptor cells are called hair cells, and tiiey are an¬ 
chored, via rodlike Deiters’s cells, lo the basilar membrane. Tlie cilia of the liair cells 
[)ass through the ret/ntlar membrane, and the ends of some of them attach to the fairly 
rigid tectorial membrane, which projects overhead like a shelf. (See Figure 7A.) 
S(iund waves cause the basilar membrane to move relative to the tectorial membrane, 
which bends die cilia of the hair cells. This bending produces receptor potentials. 

(k'org von Bekesy—in a lifetime of brilliant studies on the coclileas of various 
animals, from htiman cadavers to elephants—found that the \'ibratorv eiierg)' ex¬ 
erted on tlie oval w'indow causes tlie basilar membrane to bend (von Bekesy, I9(i0). 
Because of ihe jihvsical characteristics of the basilar membrane, the portion that 
bends the most is determined bv the frequency of the sound: High-frequency sounds 
cause the end nearest the oval window to bend. 


oval window An opening in the 
bone surroundmg the cochlea 
that reveals a membrane, against 
which the baseplate of the stapes 
presses, transmitting sound vibra¬ 
tions into the fluid within the 
cochlea. 

organ of Corti The sensory or¬ 
gan on the basilar membrane that 
contains the auditory hair cells. 

hair cell The receptive cell of the 
auditory apparatus, 

Deiters's cell (dye terz) A sup¬ 
porting cell found in the organ of 
Com; sustarns the auditory hair 
cells. 

basilar membrane {bazz i ler) A 
membrane fn the cochlea of the 
inner ear; contains the organ of 
Cortu 

tectorial membrane (fet forr ee 
uf) A membrane located above 
the basiiar membrane; serves as a 
shelf against which the cilia of the 
auditory hair cells move. 
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Figure 7.4 

A cross section through the cochlea, showing the organ of Corti, 
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round window An opening ir\ 
t he bone su rrou n d i ng th e coch lea 
I of the inner ear that permits vi- 
I b ratio ns to be transmitted, via the 
oval windovv, into the fluid in the 
\ cochlea. 


} 


Fif^ure 7.5 .shows this ])nKL*ss in a cochlcn tliat luis been partially siraighttnied. If 
the cochlea vvere a closed system, nt) vibration would be transmitted liirongh tlte oval 
window, because liquids are e.sseniially incompressible. Howevei; lliere is a nicrnbrane- 
covered {>pening, liie round window, that allows the fluid inside the cochlea to move 
back and f orth. The baseplate of the stapes vibrates against the membrane licliiitd liie 
oval window and introduces sound tvaves ofdtigli or low fiequency into the eoehlea, 
Tlie vibrations cause part of the basilar membrane n> flex back and forth, ri essurc 
changes in the fluid nndei neatii the basilar membrane are transmiued to the mem¬ 
brane of tbc round window, whicli moves in and out tn a manner opposite to the 
movements of ibe oval window. Tliat is, when the base]>late of the .stapes puslit^s in, 
the membrane behind the round window bulges out. As we will see in a later siibsec- 
lion, difTereiu frequencies of st>und vibrations cause dif ferent p^n tions of'the basilar 
membtane to flex, (See Figw^Y 7.5.) 

.Some people suffer f rom a middle ear disease that causes hone to grow over the 
round windtnv. Because their basilar membrane cannot easily Ilex back and forth, 
these people Inue a severe hearing U>ss. Ih)wcver, their hearing caii be restored by 
a surgicai proceditre called frne.simlhu (“window making”), in which a tiny hole is 
drilled in lire l.M)ne where the round window should be. 
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Figure 7.5 

Responses to sound waves. When the stapes pushes against the membrane behind the oval 
window, the membrane behind the round window bulges outward. Different high-frequency and 
medium-frequency sound vibrations cause fiexing of different portions of the basilar membrane* In 
contrast, low-frequency sound vibrations cause the tip of the basilar membrane to flex In synchrony 
with the vibrations. 
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Auditory Hair Cells and the Transduction 
of Auditory Information 


Two tvpes of andiLory receptors, auditory hair cells, lie on the inside 

and outside of tlie ccRhlear coils, respectively. I Jair cells contain cilia ("eyelashes"). 
Hue liairlike appendajres, arrangeti in rows according to height* The lunnati cochlea 
contains ap[>roximalely 3500 inner Itair cells, arranged in a single row, and T2,(K)0 
outer hair cells, arranged in three n>ws. Tlie hair cells form sytiapses with dendrites 
of [bipolar neurons w hose axons bring auditory inlorniation to the Inain. (Refer to 
Figure 7A,) 

Sound weaves cause hoih die basilar membrane and the teci4>rial membrane to 
ilex up and down. These intn'cinems bend the cilia of the hair cells in one direction 
or tlie other. Tlie lips of the cilia of outer hair ceils are attached diiectly to die tec- 
torial membrane. The cilia of the inner hair cells do not toucli the overlying tector¬ 
ial membrane, but tlie relative movement <jf the two membranes causes the fluid 
within tlie coclilea to llfm past them, making them bend back and forth too* 


cilium A hairlike appendage of a 
cell involved m movement or in 
transducing sensory information; 
found on the receptors in the au¬ 
ditory and vestibular system. 
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Figure 7.6 


Electron micrographs of the transduction apparatus in hair cells, 
^a) Longitudinal section through three adjacent cilia. Tip links, 
elastic filaments attached to insertional plaques, link adjacent 
cilia, (b) A cross section through several cilia, showing an 
insertional plaque. 

Insertional 
plaque 


CIlium 



Cilium 


Insertional 
plaque 


(a) 


From Hudspeth, A. J., and Gillespie, P. G. Neuron, 1994, J2, 1-9. 


Cjlia coiuaiii a core ofactin filaments sLirroiituicd hv 
myosin filamems, anti these proreins make tlte tiiia siilT 
and rigid {Flock, 1977). Adjaceni cilia are linked to each 
odier by elastic filanienls known as tip links. Eacli tip link 
is attached to the end of one cilium and to ilie side of an 
adjacent cilium. The points ol attachment, known as in¬ 
sertional plaques, look dark under at^ electron micro¬ 
scope. As we will see, receptor potentials are triggeivil at 
the inseriionai platpies. (See Figia^e 7*6.) 

Normally; tip links are slightly stretched, whicli 
means that they are under a small amount ol’ tension. 
Thus, inovement ol’the bundle ofcilia in the dlreciion of 
the tallest of them Curther stretches these linking fibers, 
wiiereas movement in the (ip)Dosite direction relaxes 
litem. The bending oi l lie bundle of cilia causes receptor 
potentials (Pickles and Covey, 1992; Hudspeth and tnlle- 
spie, 1994: Gillespie, 1995; Jaramillo, 1995). l iilike the 
fluid dial surrounds most neurons, the fluid that stir- 
rounds the auditory hair cells is rich in potassium. Each 
insenianal placjue contains a .single cation cliannek 
Wlten die bundle ofcilia is straight, tlie probability of an 
individual ion chatinel being open is approximatelv 10 
percent. This mean.s iliat a small amount of the cations 
and Ga^^^ dilfuses into the cilium. Wlien the bundle 
moves toward tlie tallest one, tlie increased tension on 
the tip links opens all the ion channels, the flow of 
cations into the cilium increases, and the membrane de- 
polari/:es. As a result, the release of nenrotransmiiter bv the hair cell increases. When 
the bundle moves in the opposite direction, toward the shortest cilium, the relax¬ 
ation of the tip links allows the opened ion channels to close. The influx of’cations 
ceases, the membrane hypei ptilarizes, and the release of neurotiansmittcr de¬ 
creases. (See Figure 7,7.) 



(b) 


tip link An elastic filament 
attaches the tip of one cilium to 
the side of the adjacent ctlium, 

mserttona) plaque The point 
of attachment of a lip link to a 
ahum, 

cochlear nerve The branch of 
the auditory nerve that transmits 
auditory information from the 
cochlea to the brain. 


The Auditory Pathway 

Connections with the Cochlear Nerve 

The organ of’Can ii sends auditory information to the brain by means of the 
cochlear nerve, a branch of the auditor) ncr%f (eightli cranial nerve). The neurons 
that give rise to tlie afferent axons that travel tlirotigh this nerve are of the bipolar 
type. Their cell bodies reside in the rochlear nnife ganglion. (This ganglion is al.so 
called the ganglion because it consists of clumps of cell bodies arranged in a sj^i- 

ral cau.setf In the cm ling ofThe cochlea.) These neurons have axonal proce.sses, ra^ 
pahle of sustaining action potentials, that protrude from both ends of the soma. The 
end of one process acts like a dendrite, responding with excitatory postsynapiic pf>- 
teniials when tlie neurotransinittei‘ is relea.sed hv the auditt>ry hair cells. The exci¬ 
tatory postsynaptic potentials trigger action potentials in the audiUH y nerve axons, 
wiiich form synapses with neurons in the medulla. (Refer to Figure 7.4.) 

Each cochlear nerve contains approximately .50,000 afferent axons, The den¬ 
drites of approximately 95 percent of these axons i’orni .synapses with the inner hair 
cells. Most afferent fibers make contact with only one inner hair cell, but each inner 
hair cell lorms synapses with approximately twenty fibers (Dallas, 1992). The axons 
that receive inJ’ormaiion IVfim the inner hair cells are thick and myelinated. The 
other 5 percent of the sensory fibers in the cochlear nerve ftn in svna]>ses with die 
much more numerous outer hair cells, at a ratio of approximatelv one fiber per 
thirty outer hair ceils. In addition, these axons are thin and nnmvelinaied. Thus, al- 







Figure 7.7 

Transduction in hair cells of the inner ear. (a) Appearance of the cilia of an auditory hair cell. 

(b) Movement of the bundle of cilia toward the tallest one increases the firing rate of the cochlear 
nerve axon attached to the hair cell, while movement away from the tallest one decreases it. 

(c) Movement toward the tallest citium increases tension on the tip links, which opens the ion 
channels and increases the influx of K+ and Ca^^ ions. Movement toward the shortest cilium 
removes tension from the tip links* which permits the ion channels to dose* stopping the influx of 
cations. 
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thnu^li tht" inner liair Cflls represent onht^9 percent of the total nnniher of recep* 
Un" cells, iheir connections wiili atidittiry nerves sngj^esi that tliey are of primary im¬ 
portance in tile transmission oi’aiiclinn y inibrmaiion to the central nervous system. 

Phvsiological and behavioral studies confirm the inferences made from tlie 
svnaptic connections ol the nvo type's of hair cells: The inner hair cells are necessary 
for nortnal hearing. In fact. Deoi and Crhiecks<jhu-Waelsch (1979) lonml that a nui- 
tanl strain ofTiilce wliose cochleas c<)ntain only outer hair cells apparently cannot 
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olivocochlear bundle A bundle 
of efferent axons that travel from 
the olivary complex of the 
medulla to the auditory hair cells 
on the cochlea. 

cochlear nucleus One of a 
group of nuclei in the medulla i 
that receive auditory information 
from the cochlea. 

superior olivary complex A 
group of nuclei in the meduHa: in- 
volved with auditory functions, in¬ 
cluding localization of the source 
of sounds. 

lateral lemriiscus A band of 
fibers running rosirally through 
the medulia and pons; carries 
fibers of the auditory system. 

tonotopic representation itonn 
oh top ik) A topographically or¬ 
ganized mapping of different fre¬ 
quencies of sound that are 
represented m a particular region 
of the brain, 


litfktr ill all. Subsequeni rescrarcli indicates tliai die uiuei' hair cells aic e/JklorccWs. 
involved in allei iiig ilie mechanical chinacterislicsnf the Ijasilar niciiibraiie and tlu*s 
influencing the ellecfs ol sound vibnuions on ilie innej- haij- cells. 1 will di.scuss the 
role of outer hair cells in die section on place coding (d jillch. 

Tlie cochlear nerve contains cfTerenl axons as well as aflereni ones. The sonree 
of'the efrerem axons is the superior olivary complex, a gi onp of’nuclei in the mediiila: 
thus tile efferent fibers constiiuie llie olivocochlear bundle. The hbeis form svnapscs 
direcllv on outer hair cells and on the dendrites dial serve the inner hair cells. The 
neuron ansmiuer ai the allereni synapses is glntaniate. The eflerem tei ininal bnitons 
secrete acetylcholine, which ajipears to have an inbibiiorv eiVeci r>n the bail’ celK 


The Central Auditory System 

The anatomy of the audilory system is more complicated than that of the visual 
system. Railier than giving a detailed verbal descri[)tion of the pathways, I will refer 
you to Figure 7.8. Note that axons enter the cochlear nucleus of the iiiednila anti 
syna[)se there. Most of the Jienrons in the can blear nucleus send axons to the supe¬ 
rior olivary complex, also located in the medulla. Axons ornenions in these tujclei 
f^ass ill 1 ‘ough a large fiber bundle called the lateral lemniscus to the inl'eiioi col¬ 
liculus, located in the dorsal midbrain. Neurons there semi iheir axons to the me¬ 
dial geniculate nuclens of die dialamus, which sends its axons to the auditorv etirtex 
of the lemjioral lobe. As you can see, there are many .synapses along the wav to amv 
plicate the story. Kaeh hemisphere rec eives information from both ears but primar¬ 
ily irom the contralateral one. Auditory information is relayed to the cerebellum and 

- - 4 

relic It I ar formation as well. 

If yve unrolled die basiUu’ membrane into a flat striji and followed afferent ax¬ 
ons serving succe.ssive poim.s along its leiiglli, we wunld reach successive [Xiint.s in the 
nuclei oi the audilory system and ultiniaiely snecessive points along ilie surface of 
the piimary anditfny ct>riex. file hfisnlctu] of the basilar membrane (tlie end towanl 
the oval window) is represented most mediallv in the auditorv cortex, and the astral 
end is represented most laterally there. Tk^ause, as we will see, differiau parts of tlie 
basilar membrane respond best to different fre([ueneies of sound, this lelationshi]) 
between cortex and basilar membrane is referred lo as tonotopic representation 
means “tone,” and (ofmA means “place”). 

Neurons hi the primary aurlitory cortex send axons to the auditory association 
curiex. In (lhapter'1 we saw that tlie primary audiuny cciriex lies liidden on the in¬ 
side of the lateral fissure and tfiat the audilory association cortex lies on the supe¬ 
rior pan cif the temporal lobe, lake the visual cortex, the auditory cortex is arranged 
in two streams, tJorsal and venlral. The dorsal stream, which lermiuales in the pos¬ 
terior parietal cortex, is involved with sound localization; tlie ventral slream, which 
lerrninales in tlie parabclt region of the anieri<ir temporal loi>e, is iinolved with 
analysis of'complex sounds {Rauschecker and Tian, 20(10). Research on tlie func¬ 
tions of these streams is described laier. 


Perception of Pitch 

As we have seen, the [)eicepiual dimension of j^iich corresponds to the pliysical di¬ 
mension oi fretjiieiicy. The cochlea detects freqiieiirv bv two means: iiiotlerate to 
high fre<[iiencies by place coding and low frequencies bv rate coding. These two 
types ol ct>ding are describeti next. 


Place Coding 

The work of von Bekesy has sliown ns that because of the mechanical consti iic- 
lion of the cochlea and basilar rnemlirane, aconsiic stimuli of different frequencies 
cause dif ferent [>ai ts of ihe basilar membrane lo flex back and forth. Figure 7.0 il- 
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Figure 7.8 

The pathway of the auditory system. The major pathways 
are indicated by heavy arrows. 


Figure 7,9 

Anatomical coding of pitch. Stimuli of different frequencies 
maximally deform different regions of the basilar membrane. 
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From von Bekesy G Journal of the Acoustical Society of America, 
1949. 21. 233-245. 


Itjsn aies ilic ain(mni of cJcfbrnitUioii alon^ tlif Icngdi of llir hasilar menihrano pro¬ 
duced bvsumulaiion witfi U)nes ofYarious rretjucncies. Note that hifrlier rrequejicies 
produce luore displacerueni ai the basal end of the iiieEiibraiie (the en<l closest to 
the stajjes). (See Figure 7^9.) 

These resiills suggest lhai at least some fVequencies of sound waves are delected 
bv tueans of a place cocJe. In this ctuUexi a code represents a means by which neu¬ 
rons can represent iniorinalioii. Thus, li neurons at one end of the basilar mein- 
hrane are excited by higher Iretjuencies and those at the oilie* end by lower 
frequencies, we can say that llie frequency of the sound is mrirrlhy the particular neu¬ 
rons dial are active. In turn, the firing of particular axons in the cochlear nerve tells 
tlte brain about the presence ol particular frec|uencies of sound. 

hvideitce ibr jtlace ccKling of pitch conies from several sources. Perliaps the best 
evidence {at least in hinnans) conies fVoni the elTecliveness ol'cochlear ini[)UiiHs. 
Cochlear implants are devices used to t estore hearittg in people with tleainess caused 
bv damage lo the hair cells. TTie external pan of a cochlear ini|)la!U consists of'a mi¬ 
crophone and a niiniaiuri/ed elecirunic signal processor. I'lie internal part contains 
a very thin, flexible array ()f electrodes, which ihe surgeon caref ully inserts into ilie 


place code The system by which 
information about different fre¬ 
quencies is coded by different lo¬ 
cations on the basilar membrane. 

cochlear implant An electronic 
device surgically implanted in the 
inner ear that can enable a deaf 
person to hear 
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Cochlear implants are devices used to restore hearing in deaf people. They show that 
electrical stimulation of different regions of the basilar membrane produce 
perceptions of sounds of different pitches. 


rate code The System by which 
information about different fre¬ 
quencies 1$ coded by the rate of 
firing of neurons m the auditory 
system. 

fundamental frequency The 

lowest, and usually most intense, 
frequency of a complex sound; 
most often perceived as the 
sound's basic pitch. 

overtone The frequency of com¬ 
plex tones that occurs at multiples 
of the fundamental frequency. 


nK l)Iea in sticli a way iliai it follows ilic siiaiUlikc curl anti ends up resiinp; alon^ the 
entirf Icnjrih of tfic basilar iiiciiibrane. Each t^leclrocic in the ai rav slimnlaies a chf- 
tcrcnl part oi’ilic basilar membrane, bil’ormaiinn from the signal processor is passetl 
to the electrodes hv means ol'llat coils of wire implanted under the skin* 

The primal y purpose ol'a cochlear implant is to restore a ]>ei‘st>n's ability to un- 
clersEand speech. Because most tdTlie important acoustical information in speecli is 
contained in I'requencies that are too higft to be aecuralely represen Led b) a rate 
code, the multichannel electrode was developed in an aitempt to du[>licate the place 
coding of piiclv on the basilar membrane (Loeb, 1990). Wlien clifTereni regions (T 
the basilar membrane are sUmulalecU the person jDerceives sounds with diMerem 
pitclies* The signal processor in the external dev ice analv^es the sounds detected bv 
the miciopltoiie and sends sej^arate signals to the appro[>riate portions of the ba.si- 
lar membrane* T his device can work well; some peo[de with cochlear implants can 
nndersland speech well enough to use a teie]>hone. 

As 1 mentioned earlier, tlie brain receives anflit<n v information solelv from the 

I y 

axons of inner hair ceils. W'hm role, then, do outer hair cells jjlay? Ehese cells con¬ 
tain contractile proteins, just as muscle tillers dti* When they arc exposerl to an elec¬ 
trical ctirreiil, outer hair cells toiiti ad by up to 10 [lercent of their length (Brownell 
el ak, 19H5; Zeiniei* Zimmertnann* and Schmiti, 1985). 

W Iien the basilar membrane vibrates, niovemeiii of the cilia of the <Hiter hair 
cells opens and closes ion channels, causing changes in the memhrane potential. 
These changes cause movements the coniraeiile proteins, thus iLMigihening and 
slujilening the cells. Tliese cliaiiges in lengili am[ilifv ilie vihjaiion.s tiftlie basilar 
memlnajie. .As a consequence, the signal that is j’eceived bv innet hair cells is en- 
iianced, which greatly increases the sensitivity of ilie inner ear to sonnei waves* 


Rate Coding 

VW have seen that the freqnencv of a sound can be detected hv place coding. 
However, the lowest frequencies do not apjieai to be accounted (dr in this manner. 
Kiang (1965) was unable to find anv cells that responded best to frequencies ofde.ss 
than 200 II/., How, then, can animals distinguish low fietjueiicies? It ajipeans that 
lower IVeqnencies are detected by neurons that lire in synchrony with the niove- 
meiits tif ihe ajiical end of the basilar membrane* Thus, lower frecpiencies arc de¬ 
tected by means of rate coding. 
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Tlic iiiosl cunviiiciiipf evidence r>[‘ rate ceding oi pitcli ccniics from studies of 
people witli a>chlear in)f>iants. and Schwartz {i995a, 1995b) bniiid that stimu¬ 
lation ofa single electrode willi pulses orelectridty produced sensations oi pitch that 
were proportional to tlie frequency oldhe stinmlation, Jn fact, the sul>jects could 
even recognize familiar tunes produced by modulating the pulse frequency. (The 
sul>jecis had become deaf later in life, after they had already learned to recognize 
the tunes.) As we would expect, the subjects' perceptions were best when the lip of 
the basilar membrane was stimulated, and only low frequencies could he distin¬ 
guished bv tins method. (See Animation Perception of Pitch.) 



Animation 7.1, Percep¬ 
tion of Pitch, illustrates 
the coding of pitch by 


the basilar membrane* 


Perception of Timbre 


Although laboratory investigaiions oi’ the auditory system 
often employ jDure sine waves as stimuli, these waves are sel¬ 
dom eucountered outside the laboratory* Instead, we hear 
sounds with a rich mixture of frequencies—sounds of com¬ 
plex limbre* For example, c(>nsider tfie sound of a clarinet 
playing a [)articular note* If we hear it, we can easily say that 
it is a clarinet and not a llute or a vitjliu. The reason we can 
do so is that tliese three instruments produce sounds of dif¬ 
ferent timbre, wliich our auditory system can distinguish. 

Figure 7.1(1 shows the waveform from a clarinet playing 
a steady note {top). The shape of the waveform repeats itself 
regularly at the fundamental frequeneVj which corresponds 
to the jDerceived pitch of the note. A Fourier analysis of the 
waveform shows that it actually consists of a series of sine 
waves til at includes the fu ndaineutal frequency and many 
overtones, multi] 5 les of the hmdamental frequency. Differ¬ 
ent instruments produce overtones with differem intensi¬ 
ties. (See Figure 7.10.) Electronic synthesizers simulate the 
sounds of real instruments by pnKhuing a series of over¬ 
tones of the proper intensities, mixing them, and passing 
them through a loudspeaker* 

When the basilar membi aiie is stimulated by the sound 
of a clarinet, different portions respond in eacli of tlie over¬ 
tones. This response j^roduces a unique an atomical ly coded 
paltern of activity in the cochlear nerve, which is subse- 
(lueiulv identified bv circuits in the anditorv association 
cortex. 

Actually, the recognition of complex sounds is not quite 
that simple. Figure 7*10 shtiws the analysis of a Misiained 
scniud of a clarinet. But most sounds (including those pro¬ 
duced by a clarinet) are dynamic; that is, their beginning, 
middle, and end are different from each other* The hegin- 
ning of a mite played on a clarinet (the aftark) contains fre¬ 
quencies that appear and disa[ipear in a few milliseconds. 
And at llie end of the note (the //mn), some liar monies dis¬ 
appear before others. H we are in recognize different 
sounds, the auditory cortex must analyze a complex se¬ 
quence of multiple frequencies that appear, change in am- 
pliuide, and disappear. And wfien %’ou consider the fact that 
we can listen to an orchestra and identify .several insiru- 
mems that are playing simuitaneously, you can appreciate 
the complexity of‘ the analysis performed by the auditory 
system. We will revisit this ]>rocess later in this cliapier 


Figure 7.10 

The shape of a sound wave from a darinet (fop) and the 
individual frequencies into which it can be analyzed* 
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phase difference The difference 
in arrivat times of sound waves at 
each of the eardrums. 


Animation 7.2, Sound 
Localization, shows how 
neurons in the superior 
olivary complex use phase differ¬ 
ences to detect the source of a 
sound. 



Perception of Spatial Location 

So far, I have disciis,sed cocUng of pitch and iinil>ie (the latter orwliich is aciuaily a 
complex Irequency analysis). Tfie auditory system also responds to other qualities (>1 
acoustic stimuli. P'or example, our ears are very good at determining whether the 
source (da sound is to the right or left of us. Two separate physiological tnecltanisitis 
detect llie location of'sound sources: VVe use phase differences for knv frecjiieiieies 
(less than approximately H/) and intensity differences for high i’requencies, hi 
addition, we use anodter mechanism—analysis of timbre—to determine whetlier 
tlie source of a sound is in front of ns or behind us. 

IIWe are blindfolded, we can still deleimine with rather good accuracy tlie loca¬ 
tion of a stimulus that emits a click. We do so [>ecause neurons respond .seleciively to 
different arrival //Vm of the soinid waves at die left and right ears. If the source of the 
click is to tile right or left oi'tlie midline, the sound pressure wave will reach one eai‘ 
sooner and initiate action potentials there first. Only if the sliniiilus is straight alieati 
will the ears be siimulaied simulianetHisly, Neurons in the sujierior olivary complex 
of the medulla dettxt differences in arrival times oi soinul waves produced bv clicks. 

Of course, we can liear con lin nous sounds as well as clicks, and we can also per¬ 
ceive tlie [ocatitm ul their source. We delect the source of eominiious low-pitched 
sounds by means ol‘phase differences. Phase differences refer to the simultaneous 
arrrvak at each ear, of dilfei eni portions (pliases) «)f the oscilluiiug sound wave. For 
example, if We assume that sound travels at 7(H) miles per liour ihrougli liie air, atk 
Jacetn cycles of a I OOd-11/ tone are 12.3 inches apart, riius, if the source of the soiintl 
is located to one side of the head, one eardrum is pulled out while the other is 
pushed in. The movement of the eartlnuns will reverse, or be 180° oai of phase. If the 
source were located flirectly in f ront of the head, the movements w ould be perfectly 
in phase ((1° out of phase)* (See Figurf^ 7.1 L) Because some auditory neuions re¬ 
spond only when the eardrums (and thus the heiKling of the basilar membrane) are 
at least somewhat out td phase, neurons in the su[}erior olivary complex in the brain 
are able to use the information iliey provide to detect the source t)fTt continuous 
sound, Animation 7,2, Sound Localimtion.) 


Figure 7.11 

Localizing the source of low-frequency end medium-frequency sounds through phase differences, 
(a) Source of a 1000-Hz tone to the right. The pressure waves on each eardrum are out of phase; 
one eardrum is pushed in while the other Is pushed out. (b) Source of a sound directly in front. The 
vibrations of the eardrums are synchronized (In phase). 
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The aufhiory system catmut reafiily detect binaiii al phase ciif’i’crenees ot 
IVecitiency .stimuli; the diftcrences in pliases ofsttch rapid sine waves are just Um 
short to he measured l)y llie neurons. However, hifrh-frequency stimuli that occur to 
the right or left of llie midline slimulale tl^e ears unequally. The head absorh.s high 
trefjueneies, prcxhicing a ''sonic sluifhnv/ so the ear clf>sest t<J the stjurce of the 
st)und receives the most intense siimulaiion. Some neurons in the superior olivary 
complex respond din’erenlially to binaural stimtili ordillerent irUensttv in each ear, 
whicli means that thev provide information ill at can be used to delect the source oi 
u>nes of high frequenev. 

i low can we deiermitie whether the source oi’a sound is in front of ns or behind 
ns? One answer is that we can turn our heads, thus transRjrming the discrimination 
into a left-right decision. But we have another means by which we can disnnguish 
front from back: anafysis of timbre. Tliis method involves a pan of the auditory sys¬ 
tem ifiai I have not said much about: the external ear (pinna). U vou look at some¬ 
one's external eai, von will see that it conlains several folds anfl ridges. Most of the 
sound waves that we hear bounce off the folds and l irlges of the pitma before they 
enter the ear canal. This process changes the nattire of the sounds tfiat we hear. De¬ 
pending on the angle at which the sound waves strike these folds and ridges, differ¬ 
ent frequencies will he enhanced or attenuated. In othei words, the pattern of 
rellections will chatige witli the location of the source of the .sound, which will alter 
the timbre of the sountl that is perceived. Sounds coming IVom behind the head will 
sound different from those coming from above the head or in front of it. 


Behavioral Functions of the Auditory System 

Hearing has three primary functions: to detect sounds, to determine tlie location ()f 
their sources, and to recognize the identity of ihe.se sources—and thus their mean¬ 
ing and rcdevance to us (Heffner and Heffiiei; 199d; Yost, 1991). Lei us consider the 
third i'unciion: rec(>gni/ing the identity (if a sound source. Uiiic\ss yon are in a com¬ 
pletely silent location, pay attention to what you can hear. Right now, I am sitting in 
an ofllce and can hear the sound of a Ian in a cornputei; the tapping of the keys as 
1 write this, the footsteps of sometme passing outside the door, and the voices of 
some [>eople talking In the hallway. How can 1 recognize these sources? The axons 
in my cochlear nerve contain a constantly changing pattern of activity con espond- 
ing to die constantly changing mixtures of frequencies that strike [tiy eardriiius. 
Somehow, tlie auditoi y system ofhny brain recognizes pairiciilar patterns iliai belong 
to particular sources, and 1 perceive each of diem as an independent entity. 

The task ol the auditory system in ideniifytng sound sources, then, is one of‘/>r//- 
/m? The auditory sy.stem tuusi recognize that particular paitei ns of‘con¬ 

stantly changing activity belong to different sound sources. And as we savv, few 
patierns are simple mixtures tifhxed fi ctpicaicies. For example, the notes plaved on 
a clarinet liave a charaeterislic attack and decay. And notes of dif ferent pitches pro¬ 
duce different palLerns of activity in our cochlear nerve, vet we recognize eadi of die 
notes as belonging to a clarinet. Needless to say, we are far from understanding how 
ill is jialtern recognilioii works. 

As we saw earlier, the auditory cortex, like the visual cortex, is organized into two 
streams: a dorsal stream, involved in perception of location, and a ventral stream, in¬ 
volved in percepiion of form, .\naiomical .siudies have sfiown that the andiiory cor¬ 
tex is similarly organized in iwo streams, wltfi a similar dichotomy of functions 
(Romanski el al.. 1999). In a single-unit lecending studv, Rauschecker and Tian 
{20dd} found tliat neurons In tlie Avfiai'' svsiem discriminated between differeni 
monkey calls, while neurons in ilie Vhere” system discriminaled between difi’ereni 
locations oi loudspeakers presenting these calls. 

Alain et ak (2001) found that the human auditory cortex shows a similai arrange¬ 
ment. In a functional-imaging .study, they presented subjects witli discrimination uisks 
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Figure 7.12 

Evidence for the existence of dorsal and ventral streams of analysis 
in the cerebral cortex. Regions of the brain that became activated 
when subjects made judgments about pitch of sounds (yeliow and 
orange) or about their locations {blue). 


tliat required ihem lo dotorminc tlic pitch of a sound or 
tlic location of its source'. As Fifrurc 7.12 sliuws. jiidgmems 
of pilch activated ventral regions ('^wliai"'). and judgments 
of location aciltated dorsal regions ("where''). (See Figure 
7JZ) 
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From Alairin C., Arnott. S. R,. Hevenor, S.. Graham, S., and Grady C. L. 
Proceed/ngs of the /Vaf/ona/Academy of Science, USA, 2001, 98, 
12301-12306. Copyright 2001 National Academy of Science, U.S A. 


Audition 

The receptive organ for audition is the organ of Corti, located on 
the basilar membrane. When sound strikes the tympanic mem¬ 
brane, it sets the ossicles into motion, and the baseplate of the 
stapes pushes against the membrane behind the oval window. 
Pressure changes thus applied to the fluid within the cochlea 
cause a portion of the basilar membrane to flex, causing the basi¬ 
lar membrane to move laterally with respect to the tectorial 
membrane that overhangs it This movement pulls directly on the cilia of the outer hair cells 
and changes their membrane potential. This change causes contractions or relaxations of con¬ 
tractile proteins within the cell, which amplify movements of the basilar membrane and 
sharpen their focus. These events cause movements in the fluid within the cochlea, which, in 
turn, causes the cilia of the inner hair cells to wave back and forth. These mechanical forces 


As we saw in lUiapter ft, lesions of the \ isiial associa¬ 
tion ct)rtex in hiimans can produce visual agnnsias"ihc 
inabilitv to recognize objects even thongh the visual acn- 
itv may be good. Siniilarly, lesitnis of the auditory associa¬ 
tion cortex can [)rodnce auditory agnosias, the inability to 
compreltend the meaning of sounds even thongh the in- 
dividuaisare not deaf, 11 the lesion ttcenrs in tlie left hemi¬ 
sphere. the perstni will sustain a paiiictilar form of 
language disorder. If it occurs in the right hemisphere, 
the person will he unable to recogni/e the nature or lo¬ 
cation of nonspeech sounds. Because of the importance 
t)f audition to language, tliese topics are discussed in 
much more detail in (diapter 13. 


INTERIM SUMMARY 


open potassium channels in the tips of the hair cells and thus produce receptor potentials. 

The inner hair cells form synapses with the dendrites of the bipolar neurons whose ax¬ 
ons give rise to the cochlear branch of the eighth cranial nerve. The central auditory system 
involves several brain stem nuclei, including the cochlear nuclei, superior olivary complexes, 
and inferior colliculi. The medial geniculate nucleus relays auditory information to the pri¬ 
mary auditory cortex on the medial surface of the temporal lobe. Further analysis is per¬ 
formed by the auditory association cortex. 

Pitch is encoded by two means. High-frequency sounds cause the base of the basilar 
membrane (near the oval window) to flex; low-frequency sounds cause the apex (opposite 
end) to flex. Because high and low frequencies thus stimulate different groups of auditory 
hair cells, frequency is encoded anatomically. The lowest frequencies cause the apex of the 
basilar membrane to flex back and forth in time with the acoustic vibrations. The outer hair 


cells act as motive elements rather than as sensory transducers, contracting in response 
to activity of the efferent axons and modifying the mechanical properties of the basilar 
membrane. 

The auditory system discriminates between sounds with different timbres by detecting 
the individual overtones that constitute the sounds and producing unique patterns of neural 
firing in the auditory system. 

Left-right localization is performed by analyzing binaural differences in arrival time, in 
phase relations, and in intensity. The location of the azimuth of the sources of brief sounds 














Vestibular System 
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(such as clicks) and sounds of frequencies below approximately 3000 Hz is detected by neu¬ 
rons in the superior olivary complex, which respond most vigorously when one ear receives 
the click first or when the phase of a sine wave received by one ear leads that received by 
the other. The location of the azimuth of the sources of high-frequency sounds is also de¬ 
tected by neurons in the superior olivary complex, which respond most vigorously when one 
organ of Corti is stimulated more intensely than the other. Localization of the elevation of 
the sources of sounds can be accomplished by turning the head or by perception of subtle 
differences in the timbre of sounds coming from different directions. The folds and ridges 
in the external ear (pinna) reflect different frequencies into the ear canal, changing the tim¬ 
bre of the sound according to the location of its source. 

To recognize the source of sounds, the auditory system must recognize the constantly 
changing patterns of activity received from the axons in the cochlear nerve. Like the visual 
cortex, the auditory cortex is organized into two streams. The ventral stream is involved in 
the analysts of the sound, and the dorsal stream is involved in perception of its location. In 
humans, left-hemisphere damage to the auditory cortex impairs recognition of language, 
and right-hemisphere damage impairs the analysis of nonspeech sounds, 

THOUGHT QUESTION 

A naturalist once noted that when a male bird stakes out his territory, he sings with a very 
sharp, staccato song that says, in effect "'Here I am, and stay away!" In contrast, if a 
predator appears in the vicinity, many birds will emit alarm calls that consist of steady 
whistles that start and end slowly. Knowing what you do about the two means of local¬ 
izing sounds, what do these two types of calls have different characteristics? 


T Vestibular System 


The vcsliljuhir system lias two romponents: the veslifiulai^ sacs and tlie st'micircular 
canals. They represent ihe second and third coinponeius olTlie htifyrirtiIts ol the in¬ 
ner ear. (\\e just studied the ilrsi ron)[>onent, the coclilea.) The vestibular sacs re- 
sjiond to ilie force of ^ravitv and inidrin the bmin about tlie head’s orienmdon. T’he 
semicircular canals respond to ant^nlar acceleration—cTianges in the rotation oi'ihe 
liead—but not to steady rotation. T lieyalso respond (hot ratfier weaklv) to elianges 
in position or to linear acceleration. 

TTe functions ol tlie vestibular system include balance, maintenance fil ilie head 
in an upright [position, and acljiistnieni of eye movement to eonipcaisate for head 
moveineiits. Vestifiular stinnilaiitni does noi produce any readily defnialile sensa- 
lion; certain Icnv-fiequency stimulation of tlie vestibular sacs can produce nausea, 
and slitiiulatioii of the semicirctilar cauafs can produce dizziness and rhythmic eye 
mtivements {nyski^wus). However, we are not directly aware oi'ihe informaiton re¬ 
ceived from these oi gans. T'hisseciion describes the vestibular svstemr tile vestibular 
ajiparatus, the receptor cells, and the ^estibular pailuvay in tlie brain. 


Anatomy of the Vestibular Apparatus 

Figuje 7.13 sliows the lalnrintlis of the inner ear, which iiichidc tlie cochlea, the 
semicircular canals, and tlie two \estihular sacs: die utricle ('little [loucir') and the 
saccule (“little sack”). (See Figtire 7.IS.) I he semicircular canals af)proximate 
the tliiee major jilaiies of the heafl: sagittal, tjausverse, and hori/ontak Recejitors in 
each canal respond maximally to angulai' acceleration in one plane. Tlie semicircu¬ 
lar catial consi.sis of a membranous canal lloating within a bonv one; the membra¬ 
nous canal contains a fluid called ettflo/ymfjh. An enlargeniciit called ihc ampulla 
contains the organ in wliicli the sensorv receptors reside. Tlie sensory rece[>tors are 
hair cells similar to those found in the cochlea, I heir cilia are embedded in a gelati¬ 
nous mass called tlie cupula, wliicli lilocks pan of the ampulla. (See Figure 7JS.) 


vestibular sac One of a set of 
two receptor organs m each inner 
ear that detect changes in the tilt 
of the head. 

semicircular canal One of the 
three ringlike structures of the 
vestibular apparatus that detect 
changes in head rotation. 

utricle (you trih kuf) One of the 
vestibular sacs. 

saccule isak yule) One of the 
vestibular sacs. 

ampulla (am putt ah) An en¬ 
largement in a semicircular canal; 
contains the cupula and the ensta, 

cupula ikew pew tuh) A gelati¬ 
nous mass found in the ampulla 
of the semtcircular canafs; moves 
in response to the flow of the 
fluid in the canals. 
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Figure 7.1 

The receptive organ of the semicircular canals. 
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Tilt* vesiihukir sacs (ilic ittricle and saccule) work very dilferenily. These orj^aiis 
are roii^lilv cirnilar, and eacli contains a patcli of receptive llssue. I'he receptive tis¬ 
sue is lt>cated on ilie “iloor"' olTlie utricle and on the ’wall” oj’the saccule vvfien the 
head is iu an nprij^lii position. Thv receptive tissue, like tliai ol the seuucircular 
canals and c:t)clilea, contains hali' cells. The cilia ol’ these rece[)tors are etnhedded iu 
an overlying gelatinous mass, wliich contains something rather unusual: {ttomnia, 
wliich arc small crystals of calcium carbonate. (See Figttre 7.H.) Tlie weight olTlie 
crystals causes the gelatinous mass to shift in ptjsitioii as the cjrienlaiion of’the head 
changt's. Thus, movement produces a sheai ing force on the cilia of the receptive 
hair cells. 


vestibular ganglion A nodule 
on the vestibular nerve that con¬ 
tains the cell bodies of the bipolar 
neurons that convey vestibular m- 
formation to the brain. 


The Receptor Cells 

J’lie hair cells of the seinicii cnlar canal and vestibular sacs are similar iu appearance. 
Kach hair cell contains several cilia, grarhiaied in length from short to long. These 
hair cells resemble the auditorv hair cells I’ouud in the cochlea. ari<l their iransdnc- 

j' 

tion meclianisui is also similar: A sheai ing (dree of tlic cilia opens ioii channels, and 
the entry ol’potassium ions depolari/es iheciliai y mcmln ane. Figure 7.15 shows two 
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Figure 7.14 

The recepttve tissue of the vestibular sacs: the utricle and the saccule. 
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views of a hair cell t>f a InilU’ro^ saccule made by a scaii- 
n i ug el eclion rn icrc>scope. (See Fi^tre 7. /5.) 


The Vestibular Pathway 

The vestifnilai and cociilear nerves coiistitiile die iw<j 
liraiuhes of tlie eighth cranial nerve (audiniry nerve). 
The bipolar cell bodies dial give rise lo tlie afferent axons 
of'tlie vestibular nerve (a branch (jf the eighth cranial 
nerve) are locaierl in the vestibular gangliotif which ap- 
];)ears as a nodule on tlie vestibular ners'e. 

Most of the axons of the vestibular nerve synapse 
within the vestibular nuclei in the nieduUa, iiut some ax¬ 
ons travel diiectlv lo the cerebellum. Neurons of the 

* 

vestibulai‘ nuclei send (heir axons to the cerebelhmu 
spinal cord, medulla, and pons. There also apfiear to be 
vestibular projections to the temporal cortex, but the pre¬ 
cise jiaihways have not been determined. Most iuvestiga- 
un s believe that the conical projections are responsible 
for feelings <)l di//iness; the aciivitv of projections to the 
it>wer brain stern can produce the nausea and vomiting 
ihat accompany motion sickness. Pj^ojeciioiis to brain 
stem nuclei conlr olliiig neck mirsclesare clearlv invohed 
in maintaining an upright posiiitni t>f the liead. 

Peiliaps the most interesting connections are those 
to the cranial nerve nuclei (third, fom th, and sixili) tliat 
control ihe eye mnseles. As we walk or (especially) run. 
the hearl is jarred quite a bit. The vestibular system exerts 
direct control on eye imwemeiu, to compensate lor 
the sudden head movements. This process, called the 


Figure 7.15 

(a) Oblique view of a normal bundle of vestibular hair cells, (b) Top 
vlevy of a bundle of hair cells from which the longest has been 
detached. 



From Hudspeth. A J.. and Jacobs, R. Proceedings of the Nationai Academy 
of Sciences. USA. 1979. 76. 1506-1509. Copyright 1979 National 
Academy of Sciences. U S A. 
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vesiiinihhonilm' irjJrx^ MitiiiUaiiis a taiiTy Htcaciy retinal image* lest tliis reHex ytmrsell: 
Look at a rlistaiit oLjeet atul hit yoiii self (gently) uii lire side ofihe head* Note that 
vour image of tlie world jiiiiips a hit, but not too iiiueli* Peo[:>Ie wfio have suffered 
vesiil;)ular damage and wlio lack tire vestihulo-oculai rellex liave dil ficnity seeing any- 
thing wliile walking nr i imnijig. I'’ver\thing becomes a blur of movement. 


INTERIM SUMMARY 


Vestibular System 

The semkircufar canals are filled with fluid. When the head begins rotating or comes to rest 
after rotation, inertia causes the fluid to push the cupula to one side or the other This move¬ 
ment exerts a shearing force on the cupula, the organ containing the vestibular hair cells. 
The vestibular sacs contain a patch of receptive tissue that contains hair cells whose cilia are 
embedded in a gelatinous mass* The weight of the otoconia in the gelatinous mass shifts 
when the head tilts, causing a shearing force on some of the cilia of the hair cells. 

Each hair cell contains one long cilium and several shorter ones. These cel Is form synapses 
with dendrites of bipolar neurons whose axons travel through the vestibular nerve. The re¬ 
ceptors also receive efferent terminal buttons from neurons located in the cerebellum and 
medulla, but the function of these connections is not known. Vestibular information is re¬ 
ceived by the vestibular nuclei in the medulla, which relay it on to the cerebellum, spinal cord, 
medulla, pons, and temporal cortex* These pathways are responsible for control of posture, 
head movements, and eye movements and the puzzling phenomenon of motion sickness* 

THOUGHT QUESTIONS 

Why can slow, repetitive vestibular stimulation cause nausea and vomiting? Obviously, 
there are connections between the vestibular system and the area postrema, which (as 
you learned in Chapter 2) controls vomiting. Can you think of any useful functions that 
might be served by these connections? 


f Somatosenses 


The sottiiUosciiscs provide iiUbn nation about what is happening on the soil ace ol' 
our htjclv and inside ii. The cutaneous seiise^^ (skin senses) include several snb- 
rnodaliues connnonly referred lo as kmch. Kinesthe-sla provides infonnaiion about 
bodv position and niuvenieiu and arises from reeeptors in joinis, tendons, and nius- 
eles. The organic senses arise IVoni leceptors in and around llie internal organs, 
pi‘oviding ns with unpleasant sensations, such as stoniachachcs or gallbladder at- 
laeks, or pleasurable ones, such as those pnnided by a warm drink on a cuki winter 
day. Becatise the cntane(>us senses are the niosi studied tjlThe somato.senses, both 
percepinally and physiologicaily, I will devote nnisi of my discussion lo lliern* 


cutaneous sense (kew fane ee 
us) One of the somatosenses; in¬ 
cludes sensitivity to stimuli that in¬ 
volve the skin. 

kinesthesia Perception of the 
body's own movements, 

organic sense A sense modality 
that arises from receptors located 
within the inner organs of the 
body 


The Stimuli 

The cniancons senses respotni to several diiiercni types oj siinnih: pi essnrt', vibra¬ 
tion, healing, cejoling, and events that eanst' tissue damage (and hence pain). Feel¬ 
ings of pressure are caused by niecbanieal rle[brmaii*>n of ihe skin. Vibration is 
pn>dueed in the iabonuory or clinic by inning ibrks or mechanical devices, but it 
more conniionlv ucenrs when we move onr fingers acnxss a rough surface. Tims, we 
use vibration scnsiiivily Uj jiiflgc an object's roughness. Ofjviously, sensations oi 
warmth and cotilness are prodneed by objects that change skin lemperatnre from 
iiormak Sensations of [xtin can be caused f>y many flifTercnt types of stimuli, but it 
appears that most catise at least some tissue tlainagc'. 
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Kinesthesia is provided by stietcli receptors in skeletal muscles that report 
chatij^es in muscle length to the ceiHral iK'rvuiis system and bv stretch recepiors in 
tendons that measure ihe (orce being exerted by the znnscles. Receptors within joints 
between acijacent bones respond to the magnitude and direction of limb movement. 
Muscle length detectors, locatetl witfiin the muscles, do not give rise to conscious 
sensations; tlieir infui Eiiation is used to cf>nirf>l movement. 

Additional inibrmation about the internal organs is provided bv receptors in the 
linings ol juuscles, outer layers of the gastrointestinal system and other internal or¬ 
gans, and linings of the abdominal and thoracic cavities, Manv of these tissues are 
sensitive only to stretch and do not report sensations wlven cut, burned, or crushed. 
In adtiition, the stomach and esopliagus are responsive to heat and cold and to some 
chemicals. 


Anatomy of the Skin and Its Receptive Organs 

The skin is a complex and vital oigan of the body—one that we tend to lake for 
granted. We cannot survive without it; extensive skin burns are latak Our cells, which 
musi be bathed by a warm fluid, are protected from the ho.stile environment bv the 
skin’s outer layers. The skin participates in thermoregulation bv prcKlucing sweat, 
thus cooling the body, or by restricting its circulation of bUjod, thus conserving heat. 
Its appeai ance varies widely across the body, from mucous membrane to hairv skin 
to the smooth, hairless skin of the palms and the soles of the feel. 

Skin consists of subcutaneoiis tissue, dermis, and epidermis and contains vari¬ 
ous reeepUjrs scattered throughout these layers. Figure 7Jb shows cross sections 
through hairy and glabroiLs skin {hairless skin, found on our Fingertips and palms 
and on the bottoms of our toes and feet). Hairy skin contains unenca[)sulated (free) 
nerve endings; Ruffini coq>iisdes, wliicli respond to indeiUaiion of the skin; and 


Figure 7.16 

Cutaneous receptors. 
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glabrous skin iglab njss) Skin 
that does not contain hair; found 
on the painns and the soles of the 
feet. 

Ruffini corpuscle A vibration- 
sensitive organ located in hairy 
skin. 
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Pacinian corpuscle ipa chin ee 

un) A specialized, encapsulated 
somatosensory nerve ending that 
detects mechanical stimuli, espe¬ 
cially vibrations. 

M eiss ne r's c o rp usd e Th e tou ch - 
sensitive end organs located in 
the papillae, small elevations of 
the dermis that project up into the 
epidermis. 

Merkel's disk The touch-sensitive 
end organs found at the base of 
the epidermis, adjacent to sweat 
ducts. 


Pacinian corpuscles, which respond to rapid vihrations. Pacinian corpuscles are ilie 
largest sensory end organs in the body. Pheir si^e, approximately 0.5 x 1 .(I mm, 
makes them visible to the naked eye* They consist of up w seventy ontonlike layers 
wrapped around the dendrite of a single niyelinaied axon. Free nei ve endings, 
wliich detect painful stimuli and changes in tenipej’ature, arc found just below the 
suriace of the skin. Other free nerve endings are found in a basketwork around the 
base of hair follicles and around the emergence of hair shafts from the skim These 
libers tleteci movement of hairs. (See Figure 7.t6.) 

(ilabrons skin contains a more complex mixture of free nerve endings and ax¬ 
ons lliai terminate wiiliin specialized end organs ( lgg(> and Andres, H182), The in¬ 
creased ciunplexitv reflects the fact that we u.se the palms of our hatuis and the insirle 
surfaces of otir fingers to explore the environment actively: We use them to hold and 
touch objects. In contrast. the rest ofOnr body most often contacts the environment 
passively: that is, other tilings come into con tact with it. 

Cilahrous skin, like haiiw skin, contains free nerve endings, RulTini eorpuscles 
and Pacinian corpuscles. (Pacinian corpuscles are also iound in the joints and in var¬ 
ious internal organs.) Glabrous skin also contains Meissner’s corpuscles, which are 
found in fmjHHae (“nipples’’), small elev^ations of the dermis that project up into the 
ej^idermis. These end organs are innei vaied by between two and six axons. They re¬ 
spond t(i low-frequency vibration or to briel taps fin the skin. Merkel’s disks, which 
respond to indentation of the skin, are found at the ha.st^ of the epidermis, in I he same 
general ItJcations as Mei.ssner’s corpuscles, adjacent to sweat ducts. (See Figttre 7J6.) 


Perception of Cutaneous Stimulation 

The three most important qualities of cutaneous stimulation are touch, tempera¬ 
ture, and pain. These (|ualiljes are tlescrihed in the sections that follow. 


Figure 7,17 

A hypothetical explanation of transduction of somatosensory 
information. Mechanical force on carbohydrate chains linked to 
Ion channels opens the channels, permitting the entry of cations, 
which depolarizes the membrane potential. 
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Touch 

Sensitivity tu pressure and vibration is caused by 
movement of the skin. The best-studied rece[>tor is llie 
Pacinian corpuscle, which primarily detects vil^ration. 
When the corpuscle is bent relative to the axon, the mem¬ 
brane becomes depolarized. If the threshold of excilalion 
is exceeded, an action potential is produced at the fust 
node of Raiivier. Ixiewenstein and Mendelson (1965) 
have shown that the layers of the corpuscle alter the me¬ 
chanical cliaracterislics of die organ, so the axon re- 
spoiuls biiefly when the intact organ is bent and again 
when it is relea.sed. Thus, this receptor is sensitive to vi- 
Ijraiion btit not to steady pressure. 

The bending of the tip t>fdhc nerve ending in a Pacin¬ 
ian curjiuscle appears to produce a receptor potential by 
opening ion channels in the meiiil^rane. Tliese channels 
appear U) be anchored to protein lllainenis beneath the 
membrane and have long carbohydrate chains attached 
to them. WTieii a mechanical stimulus changes the shape 
of the nerve ending, tension is exertetl on the carbohy¬ 
drate chains, pulling die channel open. (See Figure 7.7 7.) 
Most investigators believe that the encapsulated endings 
serve only to modify the physical stimulus tratisduced by 
tlie axons that enter tliem. 

Most information about tactile sensation is precisely 
localized—tliai is, wc can perceive the location on oui’ 
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skin where we are touched. I'mil verv recently, neuroscientists believed that 

in humans lliis iiiroritiation was transmitted to the central nervous system only bv 
fUst-conductin^ myelinated axons. However, a recent study discovered a iie^v eale- 
^ory ol tactile sensation lliai is traiismitied by smalWiatneier unmyelinaietl axons. 
Olausson el al. (^2(102) reported llie case ol patient G. L., a woman whose lar^e- 
cliameler mvelittated somatosensorv axons were flama^ed hv a disease. As a result, 
she could no longer (eel when the skin below her nose was tonclied. She could still 

detect the stimuli that are conveyed by small-diameter unnivelinatefi axons— 

« ^ • 

temperature, pain, and irclu But wlien the hairy skin on her tdrearm t>r tlie )>ack t>f 
Iter hand was stroked with a soft firush. she reported a faint, pleasant sensation, 
ahhon^ii site could not determine the direction of the stroking or its precise loca- 
lion. Functional MRl (IMRI) analysis sltowed tliat this stimulation activated die in¬ 
sular cortex, a region that is kmmri io be associatefl with emotional responses. The 
st>maiosensorv cortex was not aeiivaled. 

I* 

rite invesligaiors conclude that besides conveying intormaiion about noxious 
and rhernial stimuli, smaikliameter unmyelinaied axons constitute a “system for lim¬ 
bic touch that may underlie em<itionak Itormonal and af llliative responses to caress¬ 
like, skin-to-skin contact between indivitiuals'* (Olausson el al., 2002, p. Of 10) The 
investigators reporled that tk L. could no longer perceive tickle, which indicates 
that this sensation is apparently transmitted by the large-diameter myelinated axons 
that bad been destroyed. 

Investigators have known fbi‘ a king time that a moderate, constant stimnlns ap¬ 
plied to the skin fails to prcKhice any sensatit>ii aOer it has been pre.sent for a while. 
For example, not only do we ignore the pressure oi a wrist watch, but we cannot feci 
it at all ilAve keep our arm still (assuming that the band is not painfully tight). Phys¬ 
iological studies have shown that liie reast>n for the lack of sensation is the absence 
of rece])lor firing; llie receptors adapt to a etjiislani stimulus. 

I his adaptation is not caused bv “fatigue’' of physical or chemical processes within 
the receptor. Instead, adaptation occurs because of die ]>hysical construction of die 
skin and llie cntancoits sensory organs. Nafc and Wagoner 
(1941) rectirded the sensations reported h\' human subjects as 
a stimnlus weight gradually moved downward, deforming the 
skin. Pressure was reported umil the weight finally stopped mov¬ 
ing, VVlien the wxnghi w'as iiicreasetl, pressure was repen ted nn- 
ti) dow'uw^ard movement stopped again. Pressure sensations 
were also hriellv recorded when the weight w'as removed, w'liile 
the surface of tlie skin regained its ntnanal shape. (Von might 
have noticed that when von first take vour hat ofT it feels for a 

4 

few moments as if yon were still wearing it.) 

Temperature 

Feelings of w'armih and ccjolness are relative, not absolute 
(except at the extremes}. There is a temperature level that, for 
a particular region of skin, will pioduee a sensation of temper¬ 
ature neutrality—neititer waniult nt>r coolness, ’Fins neutral 
point is not an absolute value but depetnls on the prior history 
of thermal slimulatkni <if that area. li the temperature of a re¬ 
gion of skin is raised by a lew^ degrees, the initial feeling of 
warmth is replaced hvoiie ofiienti ality. If the skin temperature 
is iow'ered to its initial value, it now feels rook Thus, increases 
in leiiipeiature lower llie sensitivity of \varmth receptors anrl 
raise the sensitivity of cold receptors. The converse holds for de¬ 
creases in skill temperature. l ids adafstation to ambient tern- 
peratui e can be demonstrated easily by placing one hand in a 



After wearing a wristwatch for several minutes, this man 
can no longer feel It unless it moves on his wrist. 
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bucket (tCwtinn wiitcr anti the oilier in a bucket of cool water until some aclapiaiion 
has taken place. If you then sinuiltaneously iiinnei se bo\h hands in water ai room 
temperature, it will feel vvanti lo one hand and cool to I lie ollieiv 

Thei e are hvo ivpes of lliernial receptors: one that responds to warmth and <me 
tliai respemds to coolness. (As we will see in the next section, anuthei‘ categtjry ofen- 
taneons rece[>lor resj^onds to intense heal and gives rise lo a sen.sation of pain.) The 
transduction ol’temperature changes into the rate of axonal bring is not yet under¬ 
stood. Spray (19H6) suggested tliat the sotliurn-potassium )3ump may l)e responsible 
for sensory transduction in coolness receptors* A drop in temperature would slow 
the actitni of the pump, which would permit sodium lo accumulate in the free nerve 
ending and depolarize its niembranc. In support of litis suggestion lie found that 
ouahahi, a toxin that inactivates the sodium-potassium pump, produced a briel burst 
ol activity in colcbrecepiive fibers in the skin of a frog. After lliat burst, the libers be¬ 
came unres])onsive to lemperatui’e changes. Obviously, fleiectors of warmth must 
operate by a different mechanism. 


Pain 

l^tin reception, like thermosensation, is accomplished by the networks of bee 
nerve endings in the skin, flier e apjiears lo be at least three ivpes of pain receptors 
(usually referred lo as or Meteciors of noxious stimuli”), High-thresliold 

mecbanoreceplors are free-nerve endings that respond to intense pressure, which 
might be caused by something striking, stretehing, or pinching the skin, A second 
tvpe of free nerve ending appears to respond to extremes of heal, to acids, and to 
the presence of ra/tsainHy the active ingredient in chile peppers, (Note llrat we say 
that chile pep|)ers make food taste *1iol,”) This i%pe of fiber contains VR] recep¬ 
tors—ionotropic receptors that ctnitain a cation channel (Kiess and Zeilhufer, 
1999), C.aterina ei al. (2()0(}) found that mice wiili a targeted mutation against the 
\R] receptor showed less sensitivity to painful high temperatur e stimuli and would 
drink water to which capsaicin fiad been added. T hey responded normally to nox¬ 
ious mechanical stimuli. Presumably, this receptor is responsible for pain produced 
by burning of the skin and for pain caused by inflammation, which is reduced by ap¬ 
plying a cold compress. 

.Another type of nociceptive bher contains receptors that ai e sensitive to ATP 
(Burnsiock and Wood, 1996). These receptors are iont>tropic and control channels 
that admit sodium and calcium ions. You will retail that ATP is produced by mito¬ 
chondria and serves as an energy' source for the cclPs metabolic processes. ATP is 
also released when the blood supply to a region of the body is disrupted (a condi¬ 
tion called isrfm7iia, whicli occurs during the spasms of blood vessels Ll:iai cause 
angina or migraine) or when a nmsele is damaged. It is also released by rapidly grow¬ 
ing tumors. Thus, these nociceptoi's may be at least partly responsible for ilic pain 
caused hv angina, migraine, damage to muscles, and cancer. 


The Somatosensory Pathways 

Somatosensory axons from the skin, muscles, or internal organs enter ilte central 
nervous system via spinal nerves. Those located in the face and head jirimarily en¬ 
ter through the trigeminal nerve (llflh cranial nerve). Tlie cell bodies of llie uni]>o- 
lar rieur ents are located in the dorsal root ganglia and cranial nerve ganglia. Axons 
that convey precisely localized information, such as bne touch, ascend through the 
riorsfd fohimris in the white matter of the spinal ccn cl to nuclei in the lower medulla. 
From there axons cross the brain and ascend through the medial iemnhcuslo the ven¬ 
tral fmsUnior nuclei of the Ihnlamus, the relay nuclei for st>mau>sensatk>n. Axons fix)m 
the thalamus project to the primarv somaUtsensury Cen tex, which in turn sends ax¬ 
ons Lo llie secondai y seniiaiosensory cortex. In cuuirast, axons tliat convey poetrly lo- 
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Figure 7.18 



Medial 

lemniscus 


ralizcd iiii’ormation* such as pain or temperature, form 
synapses wiili oilier neurons as soori as they enter the spinal 
cord. The axons of these neurons cix>ss lo the other side of the 
spinal cord and ascend tlnou^ii the sli'ninthfiiamli trad tt) the 
ventral ]>osterior nuclei of ilie tfialamus. (See Figure 7J8,) 

As we saw in (lhapter (>, damage to the visual association 
cortex can cause visual agnosia, and as we saw earlier in iliis 
cliapten damage to the auditory association cortex can cause 
auditory agnosia. You will not he siirpi ised to learn that dam¬ 
age lo die somatosensory asst>ciaiion cortex can cause of tac¬ 
tile agnosia. For example. Reed, Caselli, atid Farah (1996) 
described patient F. CL. a woman with left jiarietal lobe dam¬ 
age w'lio was miahle to recognize common objects by touch. 
For example, the [latieut identified a pine cone as a brtish, a 
ribbon as a riibher hand, and a snail shell as a bottle cap. The 
deficit was not due to a simple loss of tactile sensilivilv; tlie pa¬ 
tient was still sensitive to light touch and t(> w'arm and cokl ob¬ 
jects, and slie could easily discriminate objects by ilieir si/e. 
weigh I, and ronghness. 

Recognition ofolijects bv touch requires cooperation be¬ 
tween the somatosensory and motor systems. When we at¬ 
tempt to ideiuih'^objects by lonch alone, weexploie them with 
moving fingers. Vaiem/a et aL (2091) l eptu letl the case of a 
patient with brain damage lo die right hemisphere that pro¬ 
duced a disorder they called fadUr apraxia. {Ajnaxia refers to 
a dif (lenity in carrying out purposeful movemenls witliout the 
loss of muscle strength or coordination.) When the expcri- 
meiiiers gave tiie patient objects to identify hy touch with her 
left hand, the patient expUned die object with her fingers in 
a disorga[ii/ed fashion. (Kxploraiion and identilicaiion using 
her right liand were normal,) If the experimetueis guided the 
patient's Ungers and explored die object the way pefiple nor- 
niallv do. slie was able to recognize the object's sha[)e. I hu.s, 
lier deficit was caused bv a movement disorder and not by 
damage to brain mechanisms involved in tactile [jerceptioii. 


Perception of Pain 

Pain is a curious phemimenon. It is more than a mere sensa¬ 
tion; it can be defined only bvsome sort of withdrawal reaction 
or. in Immans, hy verbal report. l\iin can be nnidified bv ilie eir- 
cumstances under w'hich it occurs, Ft>r example, a person who 
is coiicenlrating intently on an inijjtirtanl task is less likely to he 
bothered by a painful stimulus than is someone wlio is silting 
qniedy. Pain can also fie modified by o[)iaies, by hypnosis, by 

ilie administration of pharmacologically inert sugar pills, by eiiKidons, and even by 
other forms of stimulation, such as actipimctiiiv. Recent reseaich efforts fiave made 
remarkable progress in discovering the physiological bases of these plienomena. 

Pain ajipears to have three different perceptual and behavioral effects {Price. 
20()t)). First is the sensory comjjouent—the pure [)erce[)iion of the intensity of a 
jxiinful stimulus. The second coiiiponent is die immediate emotional consequences of 
jiaiu—the unpleasiintness or degree to which the individual is bothered hy ilie paitdul 
stimulus, rile third cornpoiiem is the long-ienn emotional implications of' chroiuc 
pain—the threat I hat such pain represents to one's future comfort and well-being. 


The somatosensory pathways from the spinal cord to the 
somatosensory cortex. Note that precisely localized 
information (such as fine touch) and imprecisely localized 
information (such as pain and temperature) are transmitted 
by different pathways. 
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Figure 7.19 


PET scans showing brain regions that respond to sensory and 
emotional components of pain. Top: Dorsal views of the brain. 
Activation of the primary somatosensory cortex {circled in red) by a 
painful stimulus was not affected by a hypnotically suggested 
reduction in unpleasantness of a painful stimulus, indicating that 
this region responded to the sensory component of pain. Bottom: 
Mfdsagittal views of the brain. The anterior cingulate cortex 
(circled in red) showed much less activation when the 
unpleasantness of the painful stimulus was reduced by hypnotic 
suggestion. 


From Rainville, P.. Duncan, G. H,, Price, D D , Carrier, Benoil, and Bushnell, 
M. C. Sderjce. 1997, 277, 968“971 Copyright 1997 American Association 
for the Advancement of Science. Reprinted with permission 


phantom limb Sensations that 
appear to originate in a limb that 
has been amputated. 


TlicsL^ throe compoiiems ui pain appear tt> involve 
tlifferciH brain inechanjsnis. 'fhe purely sensorv romjx)- 
nenl of pain is nicdiatecl by a pathway frotn liie spinal 
curd to ilie ventral posierolateral llialainus to tlie primary 
and secondary somatosensory conex and the nn[)leas- 
antness of pain af)pears to l)e mediated hv [>athwav.s iliat 
reach tlie anterior cinfri[i;ue cortex and insular cortex. 

Rainville ei al. (1997) produced pain sensations in 
human subjects by having them pul their arms in ice wa¬ 
ter. Under one ctmdition die re.searciicrs used hypnosis 
to diminisli the impleasaniness of the pain. The hypno¬ 
sis worked; ilie subjects said tlie pain was less unpleasant, 
even iliongh it was sull as intense. Meanwliik% the inves¬ 
tigators used a PKT scanner to measure regional activa¬ 
tion of the brain. Tliey (bund that the ]>ainlul siitniilus 
activated hoili tlie priinarv stimatosensorv cortex and the 
anterior cingnlaie cortex. When the sul>jec ts were liv]> 
noti/ed and found the pain less unpleasant, the activity 
of liie anterior cingulate cortex decreased—hot die ac¬ 
tivity of the primary somatosensoi v cortex remained 
high. Thus, the primary somatosensory cortex is involved 
in the perception of pain, and the anterior cingulate cor¬ 
tex is involved in its immediate emotional ef feets^—its un¬ 
pleasantness. (See Figure 7./9.) 

The third comj^oneni t>i‘ pain-—the emotional con- 
secjnences of chronic pain—appears to involve the pvc- 
froiual cortex. As vve wall see in ('hapter 10, damage to 
the prefromal cortex impairs people's abilitv to make 
plans ibr die future and \o recognize the personal sig¬ 
nificance of situations in w^hich diey are involved. Along 
witli die geiieial lack of insight, pt‘ople with prefrontal 
damage tend not to he concerned witli the implications 
o[ chronic conditions—including chronic p'din —lor 
their ftiitu e. 

A partictilarly interesting form oj pain sensadon oc¬ 
curs after a limb has been amputated. Alter the limb is 
gone, u[} to 70 percent of amputees report that diey lee I 
as fliough the missing limfi still existed and iliat it often 
hurts. 1'his plieiiomeiion is referred to as llie phantom 
limb (Mel/ak, 1992). V eople with phantom limbs report 
that the limb feels very real, and ihev often sav liuu if thev trv to reacli out with it. it 
feels as diough it were responding. .Sometimes, they perceive it as slicking out, and 
they may feel conifielled to avoid kiuicking it against tlie side of a doorframe or 
sleeping in a position tliat wonkl make it come between them and tlie mattress, fk-o- 
[>le liave reported all stins of sensations in phantom limbs, including pain, pressure, 
warmth, cold, w'elncss, itching, sweatiness, and prickliness. 

The classic explanation for pliantom limbs lias been activity of tlie sensory ax¬ 
ons belonging to tlie amputated limb. Presuniably, the nervous system iiuerpreis 
ihis aeiii ity as ccmiing tfoni die missing limb. W'hen nerves are cut and camneetions 
cannot be reeslaiilished between the jiroximal and distal portions, the cut ends of‘ 
the proximal portions ibrm ntjdules kiKJwn as tiettrottms. Tlie treatment for pliantom 
[lain lias been to cut the tierves above ihese neuromas, to cut the dorsal roots that 
bring the afierent information from tliese nei ves into the spinal cord, or to make le¬ 
sions in soiiiaiosensory pathways in the spinal cortl, ihalamns, or cerebral cortex. 
Sonielimes lliese procedures work Ibr a wliile, but often the pain reiui ns. 









Mclzak suggestfd I hat the phantom lijiih sensation is inherent in the <ii 7 »aiii/a- 
tion of the parietal cortex. As we saw in (Chapter S, the parietal cortex is involveti in 
our awareness ofOur own bodies, indeed, pei>plewiili lesions of the jiarietal lo[>e (es- 
peeialh in the right lienhspltere) have been known tf> push their own leg out oi’l>ed, 
belie\'ing that it actualK belongs to someone else. Mel^ak reports that some [people 
who were i>ortJ with missing limbs nevertheless experience phanioni limb sensations, 
wlhclt would suggest iliat our brains are genetically programnied to provide setisa- 
lions (or all four limbs. 


INTERIM SUMMARY 


Somatosenses 

Cutaneous sensory information is provided by specialized receptors in the skin. Pacinian cor¬ 
puscles provide information about vibration. Ruffini corpuscles, similar to Pacinian corpus¬ 
cles but considerably smaller, respond to indentation of the skin. Meissner's corpuscles, found 
in papillae and innervated by several axons, respond to low-frequency vibration or to brief 
taps on the skin, Merkel's disks, also found in papillae, consist of single, flattened dendritic 
endings next to specialized epithelial cells. These receptors respond to pressure. Painful stim¬ 
uli and changes in temperature are detected by free nerve endings. 

Our somatosensory system is most sensitive to changes in mechanical stimuli. Unless the 
skin is moving, we do not detect nonpainful stimuli, because the receptors adapt to constant 
mechanical pressure. Temperature receptors also adapt; moderate changes in skin temper¬ 
ature are soon perceived as neutral, and deviations above or below this temperature are per¬ 
ceived as warmth or coolness. Transduction In temperature receptors might be accomplished 
by changes in the rate of the sodium-potassium pump. There are at least three different 
types of pain receptors: high-threshold mechanoreceptors: fibers with capsaicin receptors, 
which detect extremes of heat, acids, and the presence of capsaicin {and, undoubtedly, a yet- 
undiscovered natural ligand); and fibers with receptors sensitive to ATP, which is released 
during ischemia, after muscle damage, and by rapidly growing tumors. 

Precise, well-localized somatosensory information Is conveyed by a pathway through 
the dorsal columns and their nuclei and the medial lemniscus, connecting the dorsal column 
nuclei with the ventral posterior nuclei of the thalamus. Information about pain and tem¬ 
perature ascends the spinal cord through the spinothalamic system. Organic sensibility 
reaches the central nervous system by means of axons that travel through nerves of the au¬ 
tonomic nervous systems. 

Pain perception is not a simple function of stimulation of pain receptors; it is a complex 
phenomenon with sensory and emotional components that can be modified by experience 
and the immediate environment. The sensory component is mediated by the primary and 
secondary somatosensory cortex, the immediate emotional component appears to be medi¬ 
ated by the anterior cingulate cortex and the insular cortex, and the long-term emotional 
component appears to be mediated by the prefrontal cortex. Functional imaging studies us¬ 
ing hypnotic suggestion found that a decrease in the unpleasantness of pain reduced the ac¬ 
tivation of the anterior cingulate cortex without affecting the activity of the somatosensory 
cortex. The phantom limb phenomenon, which often Is accompanied by phantom pain, ap¬ 
pears to be inherent in the organization of the parietal lobe. 

THOUGHT QUESTIONS 

Our fingertips and our lips are the most sensitive parts of our bodies; relatively large 
amounts of the primary somatosensory cortex are devoted to analyzing information from 
these parts of the body. It is easy to understand why our fingertips are so sensitive: We 
use them to explore object by touch. But why are our lips so sensitive? Does it have some¬ 
thing to do with eating? 
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Gustation 


rhe siirmtli we liave eiicouiucretl so far produce recepuii' poteiuials by inipartiiig 
pliysical energs': tlun iTial, pliotic (invoK iuf^ light), or kiiicuc. However, the stimuli re¬ 
ceived by the last t\v(j senses to l>e studied—giistatii>ti and olfaction—imeraci with 
their receptors cheiiiically* I bis scciioii discusses the llrst ofiiiein: gusiaiion. 

The Stimuli 

(htstatitin is dearly related to eating; this sense inodalitv helps us to de ten nine tlie na¬ 
ture ol tilings we put iti our nioittlis. For a substance to he lastetl, molecules of'it inusi 
disSst>K e in the saliva and stimulate the taste receptors on the umgue. Tastes of differ¬ 
ent substances vary, but much less than we generally realize. There are only IKe quali¬ 
ties of taste: hi/tmft'xs, sourness, simUuess^ snftiuess, aiul tttmiuii. You are famihar with the 
first four qualities, and 1 will explain the fifth one later. Flavor, as opposed to taste, is a 
c<miposiie <jf (diaciiou and gustation. xMnch ol the llavor nl a steak depends on its odor; 
to an zo/mj/i/'r person {one who lacks the .sense of smell) or to a person wliuse nostrils 
are stopped up, ati onion tastes likt- an ap[>le, and a steak tastes like salty caiclboai d. 

Most vertebrates possess gustatory systems that re.spond to all five taste qualities. 
(An exception is the cat family: lions, tigers* leopards, and house cats do not delect 
sweetness—hut then, none of the food thev normally eat is .sweet.) ( "learlv, sweetness 
receptors are Ibod detectors. xVIost sweet-tasting foods, .such as fruits and some yeg- 
etables, are safe to eat (Rainire/, 1990). Saltiness receptors detect the presence (if 
sodium chloride. In some enyiixiiiment.s inadequate amounts of this mineral are ob¬ 
tained (rom the usual source of food, so sodinin cbhnide detectors help the animal 
to detect its |)resence. Injuries that cause bleeding fiejileie an (jrganism ol its su]jply 
of sodium l apidly, so tlie al)ilit)^ to find it quickly can be crilical* 

Most species of animals will readily ingest substances that taste sweet or some¬ 
what salty. However, thev will tend to avoid substances that taste sour or bitter, be- 
cause of bacterial activity, many foods become acidic when they spoil. Tlie aciditv 
tastes sour and causes an avoidance reaction. (Of course, we have learned to make 
highly |>referred mixtures of sweet and sour, stieli as lemonade.) Bitterness is almost 
universally avoided and caniKil easily l>e improved by adding some sweetness. Many 
jilaiits produce poisonous alkaloitls, which pnitect them from being eaten bv ani- 
nial.s. Alkaloids taste bitter; thus, the bitterness receptor nndoubiedlv serves to W'arn 
animals awav from these chemicals. 


Anatomy of the Taste Buds and Gustatory Cells 

The nmgue, palate, pharynx, and larynx conlain apprtjxiinalely nj,0()() taste buds. 
Most of ilresi' receptive organs are arranged around small prouiberances of 

the tongue, tuniform jHijnllue, localeci on the aiUerior Uvo-lbirds of’the longue, com 
lain up to eiglil taste buds, along with recejiiors for jiressnre, trmch, and tempera- 
tin e. Foliate jmpiliar of up to eight parallel folds along each edge of the back 

of the longue* Approximalely 13fKI taste buds are located in these folds, (lirrumval- 
iatepfipilhie, arranged in an iinei ted V' on the posterior third of the longue, coniaiii 
approximately 25(1 taste buds, Fhey are shaped like Mule ]:jlateaus surrounded by 
moatlike trenches. Taste buds consist of groups of iweniy to fif ty receptor cells, spe- 
ciali/ecl neurons arranged somewhat like the segments of an orange, talia are lo¬ 
cated at the end of each cell and pr(>ject ihr<mgh the opening ofThe taste hud (the 
pore) into the saliva that coats the tongue. Tight ju net ions between adjacent laste 
cells prevent substances in the saliva Irom diffusing freely into the taste bnd itself* 
Figure 7*29 show*s the appearance of a ctreinnvallate papilla; a cross section through 
tile surrounding trench contains a taste bud. (See Figitre 7.20.) 
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Figure 7.20 

The tongue, {a) Papillae on the surface of the tongue, (b) Taste buds. 
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rastf* receptor cells foriii synapses wil!i dencinies of bipolar neunnis whose ax- 
tnis convey gustatory information io the brain through the seventh, ninth, and tenth 
cranial nerves. The receptor cells liave a life span of only ten days. They quickly wear 
oni. being directly exposed itt a rather hostile environment. As they degenerate, they 
are replaced by newly developed cells: the dendrite of tlie bipolar netnx>n is passed 
on to the new cell (Beidler, 1970), 


Perception of Gustatory Information 

Transdnetion of taste is similar to the chemical transmission that takes place at 
svnapses: The tasted molecnle binds with the receptor and produces changes in 
membrane permeabilit)' that cause receptor potentials. Different substances bind 
with different t> pes of receptors, producing different taste sensations. In thi.s section 
1 will describe what we know about ihe nature t^f the molecules with partieulai* tastes 
and tlie receptors that detect their presence, I should note that in some cases re¬ 
searchers have found that more than one type of receptor detects a particular taste 
and that different ivpes of receptors maybe found in different species. Thus, the fol¬ 
lowing description* and the information in Table 7,1, should be seen as representa¬ 
tive rather than definitive, (See Tabie 7./*) 

To taste sal tv, a substaEice must ionii^e. Although the best stimi.il us (or saltiness 
receptors is sodium chloride (XaC’l), a variety of salts containing metallic cations 
(such as Na^* and Li^) with a small anion (such as C"l“, Br”, SC) |"^, or NO.^“) taste 
salty. The recejjtor for saltiness seems to he a simple sodium channel. \Mien present 
in the saliva, sodium enters the taste cell and depolarizes it, triggering action p<> 
tentials that cause the cell to release neurolransmitter (Avenet anti Lindctnann* 
i9: Kinnamon atid Cutnrnings, 1992), The liest evidence that sodium channels 
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Table 7.1 


r 

Detection of Gustatory Information 

Taste Quality 

Nature of Detection 

Saltiness 

Sodiiini ions enter sodium channels, depolarize tasic cell 

Sourness 

Hydrogen ions bind with sites on potassiiun channels and 
close them, blocking outflow of potassium ions: depolar¬ 
izes riientbrane 

Sweetness 

Molecule with hydrogen ion 0.3 nm away from a site that 
will accept a hydrogen ion binds with unknown receptor 

Bitterness 

Molecule vdih hydrophobic residue (and often a region 
with a pc^sitive chai'ge) binds with unknov^ii receptor 

Unianii (glutamate) 

Gluianvate ion binds with a metabou opic glutamate 
receptor (mGliiR4) 

Fatty acids (possible) 

Triglycerides are broken dow^ti to laity acids, which enter 
the receptor cells and close polassiiini channels, blocking 
outflow^ of potassium ions; depolarizes membrane 


gustdudn (gusr doo sin) A G 
protein that plays a vital role in 
the transduction of sweetness and 
bitterness. 


art? involved is the fact that aniik>ridc, a drug that is known ttJ bl<ick sudiuni chan¬ 
nels, prevents sodium cfdnridc from activating taste cells and decreases seiisaiions 
of saltiness, Hf)wever. the drug does not completely block these sensations in hu¬ 
mans, so mt^st investigalors Ijelieve that more than one type of receptor is involved 
(Schiffinan, Lockhead, and Maes, 198^^; Ossebaard, Polei, aiul Smith, 1997), 

Sourness receptors appear to respond to the hydrogen ions present in acidic .so¬ 
lutions. However, because the st>urness of a ]>articular acid is not simplva funcliun 
of the concentraiion <jf hydrogen ions, llie anions must have an effect as well. The 
reason for this anion effect is not yet known. Kinnamon, Dionne, and Beam (1988) 
suggest that sourne.ss is detected by sites on potassium channels in ilie membrane of 
taste cell cilia. These channels are normally open, permitiitig lo flow out of the 
cell, Hydiogen ions bind wiili these sites and close the channels. Their clostire 
prevents this outward current and dept>larizes the membrane, producing action 
potentials. 

Bitter and sweet substances are more difficult to characteni^c. The typical stim¬ 
ulus for bilterness is a plant alkaloid such as quinine; for sweetness it is a sugar such 
as glucose or fructose. The fact that some molecules elicit both sensations suggests 
that l>itierness and sweetness receptors may be siniiiar. For example, the Seville or¬ 
ange rind contains a glycoside (complex sugar) that tastes extremely bitter; the ad¬ 
dition of a hydrogen ion to the molecule makes it taste intensely sweet ( Horowitz 
aiifl fientili, 1974). Some amino acids taste sweet. Indeed, the commercial sweetener 
aspartame consists simply of two amino acids: aspartate and phenylalanine. 

rite strucuire of inulecules that taste bitter appears to include a livdiopliobic 
residue—that is, a region that is repelled by the presence of water. Fspeciallv bitter 
substances also have a region with a |>ositive charge (Kurihara et aL, 1994). Tlie bit¬ 
terness receptors are coupled with a () protein called gustducin, wliich is very simi¬ 
lar In strucUire to imfisduriti, the O protein involved in transduction of photic 
information in the retina (McLaughlin ei al,. 1993), VVften a ftiuer molecule binds 
with the icceptor, gusiducin activates pliosphodlesterase, an enzvnie that destroys 
cyclic AMP, Thus, detection of a bitter-tasting molecule bv the receptor caitses a de¬ 
crease in intracellular cyclic AMP. In taste receptor cells, as in phonneceplors, it a[> 
pears that potassium cliannels in the body of ilie taste receptor cell are normallv 
held open by the action of cyclic AMP, which permits a constant elllux ni K* cations. 
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A lall In \hc level of cyclic AMP causes potassium cliaiincis U) ckjsc, and tlic men)- 
bra lie flepolarizes. 

Most molecules that taste sweet have a liydrogeii iou situated 0*3 iiin from a site 
that will accept a hydroj^eti ion. Presunialily, the svveeLiiess receptor lias sites that 
match tliese. Sweetness receptors, like bitterness receptors, appear to be coupled to 
^uskluciii. Wong, Ciannoti, and Margfjlskee produced a mutation in mice us¬ 

ing genetic engineering techniques that permit investigators to ‘'knock out” a par¬ 
ticular gene—in this case the gene resfionsible for the pioduction orgusiducin. As 
expected, the mice did not respond to bitter stibstances, Eiut in addition, they failed 
to respond to sweet suljslances, (They did respond to sour and sally substances.) 
The biuriing oksweei-tastiiig molecules witli their receptors causes an increase in the 
level of cyclic AMP in the cell. This seet>nd messenger causes calcium channels u> 
open, and the subsequent inlliix of calcium causes the eell to release its ueuro- 
iransmitter (Tindemanu, 199()). 

In recent years, researchers have recognized the existence ol’a fifth lasle qual¬ 
ity: umartit. Umami, a Japanese word that means ‘'good taste,” refers to the taste of 
numosodium glutamate {MS(Ai a substance that is often used as a flavor eidiauccr 
in Asian cuisine {Kurihara, 1987; Scott and Plata-Saiaman, 1991). MS(i is present 
naturally in meals, cheeses, and some vegetables, Cdiaudbari ei al, (1996) suggest 
that a specialized lueiabotropie glutamale receptor (mGluR4) may be responsible 
for detecting the taste of glutamate. The investigaiors found this receptor in taste 
buds but not in other parts of the longue. They also reported that rats did not div 
unguish the taste of MSG from that ofa ligand for this receptor, L-AP4, Activation of 
the mCduR4 receptor appears to close a cation channel, thus depolarizing the mem¬ 
brane (Bigiani et ak, 1997). 

A sixth taste qnaliU’ has been proposed. Fats (triglycerides) consist of three fatt)^ 
acids molecules joined to a moiecnle of glycerol, a carbohydrate. Because a gram of 
fat contains almost twice as many calories as a gram of protein or carbohydrate, it 
seems reasonable that there could be a natural selection for receptors that identify 
fat. The fact that people show such strong preference for foods that are rich in fat 
suggests that we can delect the presence of this compound. 

Actually, these receptors, if they exist, appear to detect fatty acids* The longue 
contains Ihiguai lipase, an enzyme that breaks down fat molecules into their con- 
slitnenis (Li>hse el al., 1997). Furthermore, the apical meinhranes of lasie buds con¬ 
tain fatty-acid Lransporiers, molecules that permit the CJitry of fatU'acids into the cell 
(Fnkuwaiari ei ak, 1997). Gilbertson ei ak (1997) found that the presence of fatly 
acids closes a potassium channel tliat is normally open, depolarizing the membrane. 
Only essential faitv acids—those that must be obtained from an aniinaks diet—had 

^ pi 

this effect, suggesting that the receptors identily the fats that are nutritionally the 
most imporianL 


The Gustatory Pathway 


Gustatory information is transmitted through cranial nerves 7, 9, and 10, Informa¬ 
tion (Vom the anterior part ol the tongue travels through the chorda tympani, a 
branch of the seventh cranial nerve (facial nerve). Taste receptors in the posterior 
pan ol the tongue send information through die lingtial (tongue) branch of die 
ninth cranial nerve (glossopharyngeal nerve); the tenth cranial nerve (vagus nerve) 
carries iidbrmation f rom receptors of the palate and epiglottis. Tlie chorda tympani 
gets its name because it passes through tile middle ear just beneath the tvinpanic 
membrane. Because of its convenient location, it is accessible to a recording or stim¬ 
ulating electrode. Investigators have even recorded from this nerve during the 
course tjl' human ear operations, 

riie Just relay station fbr taste is the nuclem of the solitary tract, located in the 
medulla. In primates the taste-sensitive neurons of this iiucletis send their axons to 


umami ma/i mee) The taste 
sensation produced by glutamate. 

chorda tympani A branch of the 
facial nerve that passes beneath 
the eardrum: conveys taste infor¬ 
mation from the anterior part of 
the tongue and controls the secre¬ 
tion of some salivary glands. 

nucleus of the solitary tract A 

nucleus of the medulla that re- 
cetves information from vFsceral 
organs and from the gustatory 
system. 
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Figure 7.21 


Neural pathways of the gustatory system. 
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tile ventml pt>slei c>riic(li£il tlialamic iiitclt'us, a nucleus tliai also 
receives souiatoseusory iiiTormanou received IVoni the irigeni' 
iual nerve (Becksteacl, Morse, and Norgrt?n, 1980), Thalamic 
tasle-sensitive neurons send their axons to \\w primary gusta¬ 
tory cortex, which is located in the base of'ihe frontal cortex 
and in the insular cortex (Pritcliard ei ah. 1986). Neurons In 
this regit)n project lo the secondary gustatory cortex, located 
in the caudolateral orl^itot’ronlal cortex (Rolls, Yaxley, anti 
Sienkiewicz, 1990). Unlike most other sense modalities, taste is 
ipsilaterally represented in tlie brain—that is, ilie riglit side ol 
the tongue projects to tlie rigln side of the brain, and the left 
projects to llic left. (See Figure 7.27.) 

Gustatory iiddrinaiion also reaches the amygdala and the 
hypt)thalamns and adjacent basal forebrain (Nanta, 1964; 
Rnsschen, AmaraU and Price, 1986). Many investigators l>elicve 
that the hypotfnilaniic pathway plays a role in mediating the re¬ 
inforcing effects of sw'eet and salty tastes. In fact, some neu¬ 
rons ill the liypotlialamus respond to sw'eet stimuli only when 
the animal is hniigry (Rolls et al., 1986). 


INTERIM SUMMARY 
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Gustation 

Taste receptors detect only five sensory qualities: bitterness, sour¬ 
ness, sweetness, saltiness, and umami (umaminess?). Bitter foods of¬ 
ten contain plant alkaloids, many of which are poisonous. Sour foods 
have usually undergone bacteria! fermentation, which can produce 
toxins. On the other hand, sweet foods (such as fruits) are usually nu¬ 
tritious and safe to eat, and salty foods contain an essential cation: 
sodium. The fact that people in affluent cultures today tend to in¬ 
gest excessive amounts of sweet and salty foods suggests that these 
taste qualities are naturally reinforcing, Umami, the taste of gluta¬ 
mate, identifies proteins. 

Saltiness receptors appear to be simple sodium channels. Sourness receptors appear to 
detect the presence of hydrogen ions, which doses potassium channels located on the cilia 
and depolarizes the membrane of the cell. Both bitter and sweet tastes are detected by re¬ 
ceptors bound to gustducin, a G protein. The structure of molecules that taste bitter appears 
to include a hydrophobic residue, and some also have a region with a positive charge. Bit¬ 
ter molecules activate phosphodiesterase, which destroys cyclic AMP and closes potassium 
channels, thus depolarizing the membrane of the cell. Most molecules that taste sweet have 
a hydrogen ion situated 0.3 nm from a site that will accept a hydrogen ion. Sweet molecules 
increase cyclic AMP levels, which opens calcium channels and thus causes the release of the 
neurotransmitter. The taste of glutamate (umami) is detected by a particular metabotropic 
glutamate receptor (mGluR4). Fats, an important component of the diet, may also be tasted, 
at least indirectly. The tongue contains an enzyme that converts some of the fat in the mouth 
to fatty acids, which appear to be transported into taste cells, where they stimulate special¬ 
ized receptors. 

Gustatory information from the anterior part of the tongue travels through the chorda 
tympani, a branch of the facial nerve that passes beneath the eardrum on its way to the 
brain. The posterior part of the tongue sends gustatory information through the glos¬ 
sopharyngeal nerve, and the palate and epiglottis send gustatory information through the 
vagus nerve. Gustatory information is received by the nucleus of the solitary tract {located 
in the medulla) and is relayed by the ventral posteromedial thalamus to the primary gusta- 








Olfaction 



tory cortex in the opercular and insular areas. The caudofateral orbitofrontal cortex con^ 
tains the secondary gustatory cortex. Gustatory information is also sent to the amygdala, hy¬ 
pothalamus, and basal forebrain, 

THOUGHT QUESTIONS 

Bees and birds can taste sweet substances, but cats and alligators cannot. Obviously, the 
ability to taste particular substances is related to the range of foods a species eats. If, 
through the process of evolution, a species develops a greater range of foods, what do 
you think comes first: the food or the receptor? Would a species start eating something 
with a new taste (say, something sweet) and later develop the appropriate taste recep¬ 
tors, or would the taste receptors evolve first and then lead the animal to a new taste? 




Olfaction 


OllacTion, the second chemical sen.se, helps us l<> idenlifr food and avoid food dial 
has spoiled and is ludlt to eau It helps die members of niany species to track prey or 
detect predators and to identify friends, foes, and receptive mates. For lunnans ol- 
fUciion is tlie most enigmatic ol’all sensory modalities. Odors have a peculiar ahility 
to evoke memories, often vaf^ne ones iliai seem to have occurred in tlie distant 
[last—a plieiiometion that Marcel Proust vividly described in liis book RrmembmutT 
!\i\L Altliough people can discriminate ainoiif; many llionsands of differ¬ 
ent odors, we lack a good vocahrdary to describe them. It is relatively easy to describe 
siglits we liave seen or sounds we liave heard, hut the description of an odtn is dif fi- 
cnU. At best, we can say that it smells like something else. Tims, the olfactory sysietn 
appears to be specialized for uknfljylng not for analy/ing [larlicnlar qualities. 


The Stimulus 


The stimulus hir odor (known formally as odorants) consists ol volatile substances 
liaving a nmlecidar w'eigin in tlie range of approximately 15 to 3f)0. Almost all odor¬ 
ous compounds arc lipid soluble and ol Organic origin. I low ever, many substances 
that meet these criteria have no odor at all, so we still have much to learn about die 
naltire of odorants. 


Anatomy of the Olfactory Apparatus 

Our six million olfactory receptor cells reside within tw<j patcfies of nuicous mem¬ 
brane (the olfactory epithelium), eacli having an area of about I square inch. File 
olfactory epithelium is located at the lop t>f the nasal cavity, as shown in Figure 7.22. 
Less titan H) percent of the air that enters the nostrils reaches the ollactory epithe¬ 
lium; a sniff is needed to sweep air upward into the nasal cavity so that it reaches the 
olfaclorv receptors. 

The inset in Figure 7.22 illustrates a group of ol facto! y recepten^ cells, along with 
their supporting cells. {See inset Figure 7.22.) Olfactory receptor cells are bi|)olai’ 
neurons wln)se cell bodies lie willnn the olfactory muctisa that lines the nihriform 
fdale, a bone at the base oflhe rostral part of the brain. There is a coiisiaiu prtKliic- 
lion ofnew olfactory leceptor cells, but their life is cojisidcrably kjiiger than those of 
gusiaiory rece]>lor cells, .Suppoi ting cells contain cn/ymes that destroy odorant mol¬ 
ecules and thus help to prevent tliem from damaging the olfactory receptor cells. 

Olfactory receptor cells send a pi oeess toward the surface of tlie mucosa, which 
divides into 10 to 20 cilia that penetrate the layer of mucus. Odorous m(>lecules must 
dissolve iu the eiiucus and stimulate rece]>ior molecules on the ollactory cilia. A}>- 
pi’oximately 35 bundles of axons, ensheathed i>y glial cells, eiuer the skull tlnough 


olfactory epithelium The ep¬ 
ithelial tissue of the nasal sinus 
that covers the cribriform plate; 
contains the cilia of the olfactory 
receptors. 
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Figure 7.22 

The olfactory system. 



To amygdala Pyriform and 


entorhinat cortex 
(primary olfactory 
cortex) 


Myelin 

sheath 



/ 

To olfactory 
bulb 


Axons 





S»1 '•:! 


Olfactory 

receptor 

cell 


•*1 w 




To thalamus 
orbitof rental 
cortex 

To hypothalamus 



Cilia of olfactory 
receptor cells 


m 


olfactory bulb The protrusion at 
the end of the olfactory tract; re¬ 
ceives input from the olfactory 
receptors, 

mitral cell A neuron located m 
the olfactory bulb that receives in¬ 
formation from olfactory recep¬ 
tors* axons of mitral cells bring 
information to the rest of the 
brain. 

olfactory glomerulus (glow 
mare you fuss) A bundle of den¬ 
drites of mitral cells and the asso¬ 
ciated terminal buttons of the 
axons of olfactory receptors. 


small lioies in the crihriform ("peiTbnited'') plate. Flie nllacinry nnicusa also con¬ 
tains Iree nerve etHlingsortiip;enunal nerve axons: these nerve enditigs presumably 
tnetliate seiisaitons of pain that can he prcKlucetl by sniiring some ii niating chemi¬ 
cals* sncli as ammonia. 

The olfactory bulbs lie at the base of the bi ain on the ends ol the sialklike olfac¬ 
tory tracts. Each olfactory receptor cell sends a single axon into the olfactory bulb* 
where it fbrm.s .svnapse.s with dendrites of mitral cells (named Ibr their resemblance 
io a bishop’s miier). These synapses take place in the com])lex axonal atid detKlritic 
arbori/aiions called olfactory glomeruli (from glumus, *'hair'). I here are approxi¬ 
mately 1(),()()0 gloniernli, each of which receives inpitt from a bundle of approxi¬ 
mately 200(1 axons. The axons of the mitral cells travel to the rest t)f the brain tin (High 
tlie olfactory tracts. Some of these axons lerminaie iu other regions oi'the ipsilateral 
ibrebrain; others cross the brain and lerminaie in the contralateral olfaciorv bulb. 

f 

Olfactory tract axons project directly to the amvgclala and to two regions of the 
limbic cortex: the jjvnl'onn cortex ajid the eniorhinal cortex. (See Figure 7.22.) The 
amvgdala sends ollactoi y information to the hypothalamus, the eniorhinal cortex 
sends it to the hippocampus, and the pvrifbrm cortex sends it to the liypothalamus 
and to the orbin)fVomal cortex, via the dorsomedial nncleits of the thalamus (Buck, 
199(): Shipley and Ennis, iy9r>). As you may recall, the orbitofrontal cortex also re¬ 
ceives gustatory inf onnatioii; thus, it may be involved in the combiiiiug of taste and 
olfaction into flavor. The hypolltalamus also receives a coiisideiahle amount of ol¬ 
factory information, whicli is probably important ioi tlie acceptance (Jt reieclioii of 

















Olfaction 



iocxi luul f or the oliUctory coiurol of reproductive processes 
seen in many species of inainnials. 

Most mammals have another orj^aii tliat responds to 
clieinicals in the environmenu the xfomeronasa! otjrart. Be¬ 
cause it plays an inijjortatH role in animals' responses to 
pheromones, ehemicals produced by other animals that ah 
feci reproductive physit)log\' and behavioi; its struct tire and 
fhnciion are described in C'hapler 9. 

Kfferenl fibers ffoni several locations in tfte In ain enter 
the olfactorv bulbs. These include acetvlchulineriiicH, nora- 
drenei'gic, dopaminergic, and serotonergic inputs (Shipley 
and Knnis, I99h), As we shall see in C'liapter 9, ihe nora¬ 
drenergic input appears to be involved in t>l[actory memo¬ 
ries, pariienlarly those involved in repnKlnciion, 


Transduction of Olfactory Information 


For many years researchers have recogniiied that olfactory 
cilia contain receptors that are stimulated by molecules of 
odorants, ]>tii tlie nature oft he rece[)tors was unknown. Jones 
aiul Reetl (1989) irleiuilled a particular G protein, which they 
called This protein is able to acihate an en/yine that cat- 
ahyes die synthesis of cyclic AMR which, in turn, can open 

sodium cliannelsand depolarize the membrane of the ollactory cell (Nakamura and 
(iokl, 1987; Fiiesieiii, Zulall, and Shepherd, 1991; Mencoet af, 1992). 

As we saw in (Chapter 2, G proteins serve as the link betweeti metabotropic re¬ 
ceptors and ion channels: When a ligand binds willi a inetaboirojiic receptor, the 
protein either opens inn channels directly or does so indirectly, ]>y tiiggeiing the 
prodnciion of a second messenger. The discovery f>f suggested iliai olfactory 
cilia contained odorant receptors linked to this G protein. Indeed, Buck and .Axel 
(1991) used molecular genetics techniques and discovered a family of genes that 
code foi a familv of\)lfaciorv l ecepior proteins. So far, olfaciorv rerepior genes have 
been isolated in more than twelve species ol‘vertebrates, including mammals, birds, 
and amphibians (Monibaeits, 1999). in humans there appear to be between five 
liundred and one thousand different receptors, each sensitive to different odorants 
(Kessler, Sullivan, and Buck, 1994a), Thus, molecules of odorant hind with recepU)rs, 
and the Ti proteins coujilefl U) these receptors open sodium channels and produce 
depolarizing receptor potentials. 


Particular odors that we experience when we are young often 
have the ability to evoke poignant memories later in life. 


Perception of Specific Odors 


For many years recognition of specific odors has been an enigma. Humans can rec¬ 
ognize up io ten thousand different odorants, and otlier animals can probably 
recognize even more of tlieni (Shepherd, 1994), Even if we have several liundred (or 
even one thousand) dilferem types of olfactory receptors, that leaves many odors un¬ 
accounted ion And everv vear, chemists synthesize new chemicals, many with odors 
unlike those that anyone has previously detected. How can we use a relatively small 
number of receptors to detect so many diifereni odorants? 

Befoie I answer this question, we should look moie closely at the relationship 
lietween receptors, olfactory neurons, arul tlie gloinci uli to which the axons of lliese 
neurons project. First , the cilia of each olfkclory neuron contain only one type of l e- 
ceptor (Nefel ab, 1992: Vas.sar, Ngai, and .\xel, 1993). As we saw, each glomerulus 
receives inldj uiation from approximately tAvo thousand different olfactorv receptor 
cells. Using special histochemical methods to identify particular receptor proteins in 
individual cells, Ressler, Sullivan, and Buck (1994h) discovered that ahhough a given 
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Figure 7.23 


Details of the connections of olfactory receptor cells with the 
glomeriili of the olfactory bulb. Each glomerulus receives 
information from only one type of receptor cell. Olfactory 
receptor cells of different colors contain different types of 
receptor molecules. 


Olfactory bulb 




Mitral cell 


Axons of mitral cells 



^IcnDC'i uliis receives jiilbrnicuicni from approximately two 
(fiousiiiid cllirciviu oliat’iorv jecef^tor ceils, eacli of these 
cells contains the same type* of receptor molecule. Tims, 
(here are as many types ol'glomeruli as iliere are types of 
leceptor molecules. Fnnliermore, the location of parlicn- 
lar t\ pes oi'gioinernli {fleTmed by the type of receptor ihai 
sends informaiion to them) ajjpears to be the same in each 
of the olfactory bulbs in a given animal and may even be 
the same from one animal lo another {/.on et ah. 2001), 
(See Figure 7,23.) 

Now lei’s get back to ihe tjtteslion I Jnsl posed: How can 
we L*se a i elaiively small number of receptors to detect so 
many tlifferent orlorants? 'Hu* answer is that a particular 
odorant binds to iinne llian one receptor. Tlnis, becanse a 
given glornernhis irceives informaiioti from only one type 
of receptor, dilf’erent odorants jn-odtice different patinnsoi 
aclivily in differeni glomeruli. Kecogni/lng a particidar 
o{i<n; llien, is a matter of recognizing a panic tjlar palteni of 
acliyiiv in the glomeriili. The task of chemical recognition 
is ti aiisfoi meci into a task of spatial l ecognilion. 
f'ignre 7.24 illustrates this process (Maliiic et ak, 
f rile left side of the lignre sliows the shapes of eight hvpt> 
ihetical odoranrs. The right side shows four hypothetical 
^ odorant receptor inoiecules. If a portion of the odorant 
molecule fits ilie binding site of the receptoi^ molecule, it 
will actiyaie it and stimulate the oliactorv neuron. As you 
can see, each odorant mt>lecule Ihs the binding site of at 
least one of the receptors and in most cases fits more than 
one of tliem. Notice also that the pfilimt of receptors activated by eacli of the eiglu 
odorants is different, which means that if we know w lncli pattern of receptors is aciU 
vaied, we know which odorant is present. f)l course, even though a particular odor¬ 
ant might bind with several different tvpes of receptor molecules, it miglil tiol bind 
equally well with each of them, f or example, it might hind verv well with one i ece}> 
tor molecule, moderately well with another, weakly wiili another, and so on, (See Fig¬ 
ure 7*24.) As we just saw, the spatial [xmern oi' Adfaciotopic"’ information is 
maintained in llie olfactory cortex. Presumably, ihe brain recognizes particular odors 
by recognizing different patterns of activation there. 

Just how the brain recogni/es these patterns is not yet known. Tlie lask is obvf 
ously complex. C^ain (19S8) noted llial although most odors are [>roducefi by mix¬ 
tures of many different chemicals, we identih^ otUns as belonging to particular 
objects. For example, the smells of coffee, frietl bacon, and cigarette smoke are each 
made of up to several liiindred differeni types td niolecnles, .Afibough each ol these 
odors is a mixune, we recognize them as being unique'—We do not detect the indi¬ 
vidual components. I lowever, if ilie smells cjf coffee, fried bacon, and cigarette smoke 
are mixed togeilier (as liiey might be at a breakfast counter that permits smoking), 
we still recognize all three odors, even though eadi one of them is itself a mixtnrel 


INTERIM SUMMARY 


Olfaction 

The olfactory receptors consist of bipolar neurons located In the olfactory epithelium that 
lines the roof of the nasal sinuses, on the bone that underlies the frontal lobes. The recep* 
tors send processes toward the surface of the mucosa, which divide into cilia. The mem- 













Olfaction 


branes of these cilia contain receptors that detect aromatic mole¬ 
cules dissolved in the air that sweeps past the olfactory mucosa. The 
axons of the olfactory receptors pass through the perforations of 
the cribriform plate into the olfactory bulbs, where they form 
synapses in the glomeruli with the dendrites of the mitral cells. 
These neurons send axons through the olfactory tracts to the brain, 
principally to the amygdala, the pyriform cortex, and the entorhinal 
cortex. The hippocampus, hypothalamus, and orbitofrontal cortex 
receive olfactory information indirectly, 

Aromatic molecules produce membrane potentials by interact¬ 
ing with a newly discovered family of receptor molecules, which 
may number up to one thousand* These receptor molecules are cou¬ 
pled to a special G protein, When an odorant molecule bind 
with and stimulates one of these receptors, catalyzes the syn¬ 
thesis of cyclic AMP, which opens sodium channels and depolarizes 
the membrane. Each glomerulus receives information from only one 
type of olfactory receptor, and "olfactotopic'" coding is maintained 
all the way to the olfactory cortex. This means that the task of de¬ 
tecting different odors Is a spatial one; the brain recognizes odors 
by means of the patterns of activity created in the olfactory cortex. 

THOUGHT QUESTIONS 

As I mentioned in the preceding section, odors have a peculiar 
ability to evoke memories, a phenomenon that Marcel Proust 
vividly described in his book Remembrance of Things Past Have 
you ever encountered an odor that you knew was somehow fa¬ 
miliar, but you couldn^t say exactly why? Can you think of any ex¬ 
planations? Might this phenomenon have something to do with 
the fact that the sense of olfaction developed very early in our 
evolutionary history? 


Figure 7.24 

A hypothetical explanation of coding of olfactory 
information. Different odorant molecules attach to 
different combinations of receptor molecules. (Aaivated 
receptor molecules are shown in blue.) Unique patterns 
of activation represent particular odorants. 
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Adapted from Malnic, Hirono. J, Sato, T,, and Buck, L, B. Cell, 
1999, 96, 713-723. 


EPILOGUE 


Natural Analgesia 


As we have seen, the brain contains an 
elaborate system through which certain 
types of stimuli can produce analgesia 
primarily through the release of the en¬ 
dogenous opiates. What functions does 
this system perform? Most researchers 
believe that it prevents pain from dis¬ 
rupting animals' behavior in situations 
in which pain Is unavoidable and in 
which the damaging effect of the 
painful stimuli are less important than 
the goals of the animals' behavior. This 
explanation accounts for several types 
of situations that produce analgesia, 
but not all of them; some mysteries still 
remain. 


When an animal encounters a nox¬ 
ious stimulus, it usually stops what it is 
doing and engages in withdrawal or es¬ 
cape behaviors. Obviously, these re¬ 
sponses are quite appropriate. However, 
they are sometimes counterproductive. 
For example, if an animal sustains a 
wound that causes chronic pain, a ten¬ 
dency to engage in withdrawal re¬ 
sponses will interfere with its perfor¬ 
mance of everyday activities, such as 
obtaining food. Thus, the inhibitory ef¬ 
fects of chronic, unavoidable pain would 
best be diminished. 

Another useful function of analgesia 
is the suppression of pain during impor¬ 


tant behaviors such as fighting or mat¬ 
ing. For example, males fighting for ac¬ 
cess to females during mating season 
will fail to pass on their genes if pain 
elicits withdrawal responses that inter¬ 
fere with fighting. As you will see, these 
conditions (fighting or mating) do di¬ 
minish pain. 

Let us consider the effects of un¬ 
avoidable pain. Several experiments 
have shown that analgesia can be pro¬ 
duced by the application of painful stim¬ 
uli or even by the presence of non¬ 
painful stimuli that have been paired 
with painful ones. For example, Maier, 
Orugan, and Grau (1982) administered 
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inescapable shocks to rats' tails or ad¬ 
ministered shocks that the animals could 
learn to escape by making a response. 
Although both groups of animals re¬ 
ceived the same amount of shock, only 
those that received inescapable shocks 
showed analgesia. That is, when their 
pain sensitivity was tested, it was found 
to be lower than that of control sub¬ 
jects. The analgesia was abolished by 
administration of naloxone, which indi¬ 
cates that it was mediated by the re¬ 
lease of endogenous opiates. (Naloxone 
is a drug that blocks opiate receptors. 

The experimenter in the chapter pro¬ 
logue used this drug when he blocked 
the analgesic effect of Melissa's own en* 
dogenous opiates.) The results make 
good sense, biologically. If pain is es¬ 
capable, it serves to motivate the animal 
to make appropriate responses. If it oc¬ 
curs no matter what the animal does, 
then a reduction in pain sensitivity is In 
the animal's best Interest. 

There is evidence that engaging in 
behaviors that are important to survival 
also reduces sensitivity to pain. For ex¬ 
ample, Komisaruk and Larsson {1971) 
found that genital stimulation produced 
analgesia. They gently probed the cervix 
of female rats with a glass rod and 
found that the procedure diminished 
the animals' sensitivity to pain, it also in¬ 
creased the activity of neurons in the 
periaqueductal gray matter and de¬ 
creased the pain response in the thala- 


and the Chemical Senses 

mus (Komisaruk and Steinman, 1987), 
The phenomenon also occurs in humans; 
Whipple and Komisaruk (198S) found 
that self-administered vaginal stimula¬ 
tion reduces women's sensitivity to 
painful stimuli but not to neutral tactile 
stimuli. Presumably, copulation also trig¬ 
gers analgesic mechanisms. The adap¬ 
tive significance of this phenomenon is 
clear: Painful stimuli that are encoun¬ 
tered during the course of copulation 
are less likely to cause the behavior to 
be interrupted; thus, the chances of 
pregnancy are increased, (As you will re¬ 
call, passing on one's genes is the ulti¬ 
mate criterion of the adaptive signifi¬ 
cance of a trait.) 

As we saw in the chapter prologue, 
pain can also be reduced at least in 
some people by administering a 
piacebOt a pharmacologically inert sub¬ 
stance. (The term placebo comes from 
the Latin p/acere, which means "to 
please." The physician pleases an anx¬ 
ious patient by giving him or her an 
innocuous substance.) The pain reduc¬ 
tion seems to be mediated by the re¬ 
lease of endogenous opiates, because it 
is blocked by naloxone (Levine, Gordon, 
and Fields, 1979). Thus, believing that 
pain is going to diminish is a self-fulfill¬ 
ing prophecy. Why this particular phe¬ 
nomenon occurs is still a mystery. 

Pain can be also reduced by stimulat¬ 
ing regions other than those that hurt. 
For example, people often rub or scratch 
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the area around a wound in an appar¬ 
ent attempt to diminish the severity of 
the pain. And as you know, acupunctur¬ 
ists insert needles into various parts of 
the body to reduce patn. The needle is 
usually then rotated, thus stimulating 
axons and nerve endings in the vicinity. 
Often, the region that is stimulated is 
far removed from the region that be¬ 
comes less sensitive to pain. 

Several experimental studies have 
shown that acupuncture can produce 
analgesia. Mayer, Price, Rafii, and Barber 
(1976) reported that the analgesic ef¬ 
fects of acuponcture could be blocked 
by naloxone. However, when pain was 
reduced by hypnotic suggestion, nalox¬ 
one had r^o effect. Thus, acupuncture, 
but not hypnosis, appears to cause anal¬ 
gesia through the release of endoge¬ 
nous opiates. 

The endogenous opiates were first 
discovered by scientists who were inves¬ 
tigating the perception of pain; thus, 
many of the studies using these peptides 
have examined their role in mechanisms 
of analgesia. However, their role in other 
functions may be even more important. 
As you will see in subsequent chapters, 
the endogenous opiates may even be in¬ 
volved in learning, especially in mecha¬ 
nisms of reinforcement. This connection 
should not come as a surprise; as you 
know, many people have found injec¬ 
tions of opiates like morphine or heroin 
to be extremely pleasurable. 


r KEY CONCEPTS 1 


AUDITION 

1. Tlic bones of liie iiiicldle ear ii’ansmit soujtd vihra- 
dons from the earclrinn to {\w cochlea, which con¬ 
tains tlte ancliini y receptors ilie liair cells. 

2. The liair cells senrl infbrinadon throii^ii the eiglnli 
cranial nerve to nnclei in die brain stem: il is then re¬ 
laved to the medial geniculate nucleus and finallv to 
the primary andilory cortex. 

1^. Tile ear is analytical: it detects individual frequencies 
by means of place coding and rate coding. Lei t—ri^hl 
locali/ation is also acct*m[^lished bv two means: ar¬ 
rival time (phase differences) and hitiaural differ¬ 
ences in imensiiv. 


VESTIBULAR SYSTEM 

4. Tile vestibular system helps ns to maintain onr haL 
a nee and makes compensaiory eve mo\'ements to 
help ns maintain fixaiitni when our head moves. 
The semicircular canals detect head rotations and 
the vestibular sacs detect changes in tlic till of the 
liead. 


SOMATOSENSES 

5. (aitaneous i eceptors in the skin prtivide information 
about touch, pressure, vihraii<jn, changes in lemper- 
atnre, and siimnli that cause tissue datnage. 






Suggested Web Sites 


S 


Pain pej'cejiiion hcljjs prolcci ns [Vnni liarmfnl siirn- 
nli. St-nsitivitv Uj pain is iiioclulaied by the release of 
tile eiulngenons opiates by cells in the brain. 


GUSTATION 

7* Taste receptors on the tongue resp(>nrl to bitterness^ 
sourness, sweetness, saltiness, and perhaps uinaini 
and laitv acids. Together with olfactory inforniaiion, 
gustation prtnides ns with infonnaiion about com¬ 
plex ilavors. 


OLFACTION 

S. The olfactory system detects the presence t>i'aromatic 
molecules. T'he discovery of a family ol receptors cou¬ 
pled t(j a special (i [>rotein suggests that several 

Inindred tliffereni receptors may be invoKed in 

olfactorv disci ini illation, lanterns of' aciivaiion of 

■< 

these receptors lead to perception of ditlerem odor¬ 
ants. 
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r SUGGESTED WEB SITES 1 


Somatosensory Pathw'ays 
http://thalamus.wustl.ed u/course/body.htm I 

This site contains a luiorial on somatosensory ]3athways and 
a varieiv of related images. 

Relief of Pain and Suffering 

wwwJ ibrary.uda .ed u/l ibrar ies/biomed/h is/Pain Exh iblt/ 

The measoremeni and trt'atment td jjain is the foeus fjf 
this siie. Topics covered on ihe site inckule [nm measure¬ 
ment, analgesia and anestliesia, and the jihantom limb 
))hcnoinenon. 

The Nature of Pain 
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I'he focus of this site is a general uiioiial fm jjain. 


Auditory System Function 
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T hi.s site [jrovifles lacnhy wiili access 10 a Powerl*oini slide set 


dealing wiih andilory system smieinre and funriion (30 
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Somatosensory Mapping 

http://alpha.nmrlab.h$csyr.edu/mnr_lab/jake_home.htmt 

4’his siie contains an IMRI image showing the niapjjing ol so- 
inaiosensoi y cortex. 












f CHAPTER OUTLINE 



I 1, Describe the course of a night's sleep: its stages and their characteristics. 



2 . Discuss insomnia, steeping medications, and sleep apnea. 


I I 


3 . Discuss sleep disorders associated with REM sleep and slow-wave sleep. 


■ A Physiological and 
Behavioral Description of 
Sleep 

INTERIM SUMMARY 

■ Disorders of Sleep 
Insomnia 
Narcolepsy 

REM Sleep Behavior Disorder 

Problems Associated with 
Slow-Wave Steep 

INTERIM SUMMARY 

■ Why Do We Sleep? 

Functions of Slow-Wave Sleep 
Functions of REM Sleep 
JNTERJM SUMMARY 

■ Physiological 
Mechanisms of Sleep and 
Waking 

Chemical Control of Sleep 

Neural Control of Arousal 

Neural Con trot of Slow-Wave 
Sleep 

Neural Control of REM Sleep 

INTERIM SUMMARY 

■ Biological Clocks 

Circadian Rhythms and 
Zeitgebers 

The Suprachlasmatic Nucleus 

Control of Seasonal Rhythms: 
The Pineal Gtand and 
Melatonin 

Changes in Circadian 
Rhythms: Shift Work and Jet 
Lag 

INTERIM SUMMARY 




4 . Review the hypothesis that sleep serves as a period of restoration by discussing the 
effects of sleep deprivation, exercise, and mental activity. 


5* Discuss the functions of REM sleep, 

I 

6. Evaluate evidence that the onset and amount of sleep is chemreally controlled, and 
/i describe the neural control of arousal. 


7 . Discuss the neural control of slow-wave sleep, including the sieep-waking "flip- 
flop" and the role of hypocretinergic neurons, 

8. Discuss the neural control of REM sleep, 

9 . Describe circadian rhythms and discuss research on the neural and physiological 
bases of biological clocks. 










PROLOGUE 


Waking Nightmares 


Lately, Michael felt almost afraid of go¬ 
ing to bed because of the unpleasant 
experiences he had been having. His 
dreams seemed to have become more 
intense, in a rather disturbing way* Sev¬ 
eral times in the past few months, he 
felt as if he were paralyzed as he lay in 
bed, waiting for steep to come, tt was a 
strange feeling; was he really paralyzed, 
or was he just not trying hard enough to 
move? He always fell asleep before he 
was able to decide* A couple of times he 
woke up just before it was time for his 
alarm to go off and felt unable to move. 
Then the alarm would ring, and he 
would quickly shut it off. That meant 
that he really wasn't paralyzed, didn't 
it? Was he going crazy? 

Last night brought the worst experi- 
ertce of all. As he was falling asleep, he 
felt again as if he were paralyzed. Then 
he saw his old roommate enter his bed¬ 
room. But that wasn't possible! Since 
the time he graduated from college, he 
had lived alone, and he always locked 
the door. He tried to say something, but 
he couldn't. His roommate was holding 
a hammer. He walked up to the bed, 
stood over Michael, and suddenly raised 
the hammer, as if to smash in Michael's 
forehead. When Michael awoke in the 
morning, he shuddered at the remem¬ 


brance. It had seemed so real! It must 
have been a dream, but he didn't think 
he was asleep* He was in bed. Can a per¬ 
son really dream that he is lying in bed, 
not yet asleep? 

That day at the office he had trouble 
concentrating on his work. He forced 
himself to review his notes, because he 
had to present the details of the new 
project to the board of directors* This 
was his big chance; if the project were 
accepted, he would certainly be chosen 
to lead it, and that would mean a pro¬ 
motion and a substantial raise* Natu¬ 
rally, with so much at stake, he felt ner¬ 
vous when he entered the boardroom* 
His boss introduced Michael and asked 
him to begin* Michael glanced at his 
notes and opened his mouth to speak. 
Suddenly, he felt his knees buckle. All 
his strength seemed to slip away. He fell 
heavily to the floor. He could hear peo¬ 
ple running over and asking what bad 
happened* He couldn't move anything 
except his eyes* His boss got down on his 
knees, looked into his face, and asked, 
"Michael, are you all right?" Michael 
looked at his boss and tried to answer, 
but he couldn't say a thing* A few sec¬ 
onds later, he felt his strength coming 
back. He opened his mouth and said, 
"I'm okay*" He struggled to his knees 


and then sat in a chair, feeling weak and 
frightened. 

"You undoubtedly have a condition 
known as narcolepsy," said the doctor 
whom Michael visited, "It's a problem 
that concerns the way your brain con¬ 
trols sleep* I'll have you spend a night in 
the sleep clinic and get some recordings 
done to confirm my diagnosis, but I'm 
sure that I'll be proved correct. You told 
me that lately you've been taking short 
naps during the day* What were these 
naps like? Were you suddenly struck by 
an urge to sleep?" Michael nodded* "I 
just had to put my head on the desk, 
even though I was afraid that my boss 
might see me* But t don't think I slept 
more than five minutes or so." "Did you 
still feel sleepy when you woke?" "No," 
he replied, "I felt fine again." The doc¬ 
tor nodded, "All the symptoms you have 
reported—the sleep attacks, the paraly¬ 
sis you experienced before sleeping and 
after waking up, the spell you had to¬ 
day—they all fit together* Fortunately, 
we can usually control narcolepsy with 
medication* !n fact, we have a new one 
that does an excellent job. I'm sure we'll 
have you back to normal, and there Is 
no reason why you can't continue with 
your job. If you'd like, I can talk with 
your boss and reassure him, too." 



liv cU) wc sleep? Wliv do vve .spend at least rnic^Lliird oJ otU' lives doin^ some¬ 
thing that provides nu>sl of os with onlv a few fleeting ineinories? I will attem[>L 
to answer this c|Liesi[t>n in several wavs. In the first two pai ls of this cliapler 1 
will describe what is known al>out the ])henonienoii of sleep and its disoiders: llow 
imich do w'e *sleep? VVliat do w'e do wliile asleep? Are sleeping ntedicaiions eHective? 
Wliat do we know ahoni narrole[>sy; sieepwalking, and other slee}>related tlisorders*-' 
In the iliircl [)art 1 will discuss research on the causes of sleep: What liapfxais ii’we do 
not get enough sleep? Does sleep perldrtn a resttnative fuiiciioit? In lire lounh [>art 
oi ihe cha[jter I will describe the search for the* chemicals and llie uenral circuits tliat 
control sleep and w-akefulness. In ihe final pan of tire chapter I will discuss the brain's 
liiological cU>ek—ilte mechanism that controls daily rhythms oi'sleep and aciivity. 


r A Physiological and Behavioral 
Description of Sleep 


Sleep is a Ixdiavior. Tliat staiement migln seem peculiar* because we usually ihink of 
lielun iors as aciivilies tfiai involve movements, such as walking or talking* Kxcept for 
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Figure 8.1 

A subject prepared for a night's sleep in a sleep laboratory. 



Philippe Platilly/Science Photo Library/Photo Researchers Inc. 


electro myogram (EMG) {my oh 

gram) An electrrcal potential 
recorded from an electrode placed 
on or in a muscle. 

electro-oculogram {EOG) {ah 

kew hh gram) An electrical po¬ 
tential from the eyes, recorded by 
means of electrodes placed on the 
skin around them; detects eye 
movements. 

alpha activity Smooth electrical 
activity of 8-12 Hz recorded from 
the brain; generally associated 
with a state of reia scat ion. 

beta activity Irregular electrical 
activity of 13-30 Hz recorded 
from the brairi; generally associ¬ 
ated with a state of arousal. 

theta activity EEG activity of 
3.5-7.5 Hz that occurs intermit¬ 
tently during early stages of slow- 
wave sleep and REM sleep. 


the rapid eye movemetns that accompany a particular 
stage, sleep is nut distinguished !)y muvenicm. Wliai char¬ 
acterizes sleep h iliai the insistent oige of sleepiness 
lurces us to seek out a quiet, cotnfurtable place; lie dtmn; 
and reiiiaiii there for several hours. Because we remem¬ 
ber very little abom what happens while we sleej), we tend 
to think of sleep more as a state ofcortsciousness than as 
a behavior. The change in consciousness is undeniable, 
but it should not prevent us from noticing the behavioral 
changes. 

The best research on huriian sleep is conducted in a 
sleep laboratory. A sleep laboratory, usually located ai a 
university or medical ceiuer, consists of one or several 
small bedrooms adjacent to an observation nxmi, where 
the experimenter spentls the night (irying to slay awake). 
The experimenter pre[>ares the sleeper for elecirophvsi- 
oiogical measuremeuts by attaeliiiig electrodes Xu tlie 
scalp to monitor the electroencephalogram (KFCt) and 
to tlie chin to mt>niit>i‘ muscle activity, recorded as the 
electro myogram (EMG), Electrodes atlaclied artHUHl the 
eyes moitiuu' eve movements, recorded a.s the electro- 
oculogram (EOG). In addition, oilier electrodes and 
transducing devices can be used to monitor auionomic 
measures such as heart rale, respiration, and skin ct>n- 
duclance. {See Figure 8.L) 

During wakefulness the EECi of a normal person slums 
two basic patterns oi aciiviiy: alpha ati/vify dncl heia adivliy. 
Alpha activity consists of regular, meflium-freqiiencv waves 
of‘8—12 Hz. Tlie brain produces this activity when a person 
is resting quietly; not particularly aroused or excited and not engaged in slreiuious 
mental activity (such a.s problem solving). Although al[>ha waves sometimes occur 
wlien a person's eyes are open, they are much more prevalent when the eves are 
closed. The other type of waking EEG pattern, beta activity, consists of'ii regular, niosily 
low-amplitude waves of 13-30 Hz, This activity' occurs when a person is alert and at- 
leniive to events in the environmeni or is thinking aciivelv. (See Figure 8.2.) 

Lei us look at a typical night's sleep of a female college student on her iliird 
night in the laboratory. (Of course, we would obtain similar results from a male, 
with one exception, winch is noted later.) The experimenter attaches the elec¬ 
trodes, turns the lights off, and closes the door. Our subject becomes drowsv and 
soon etners stage 1 sleep, marked by the presence of some theta activity (3.5-7 
Hz). This stage is actually a transition beUveen sleep and W'akefulness; ilAve watch 
oin vokmieer's evelids, we will see that from lime to lime tliev slowly open and ck>se 

j j j 

and that her eyes roll tipwai cl aiul downward. (See Figure S.2.) Abom 10 minuie.s 
later she enters .stage 2 sleep. The EEG during this stage is generally irregular but 
contains periods ol theta activity, skep spifalk.s, and K fomplexes. Sleep spindles are 
short bui sls ol’waves of 12-14 Hz that occur between tw'o and fhe times a minute 
during stages 1-4 of slee[>. Some investigators believe thai sleep spindles represent 
the activity of a mechanism that Is involved in keeping a person asleejj (Bowersox, 
Kiiitin, and Dement, 1085; Stei’iade, 1002; Nicolas ei al., 2001). K complexes are sud¬ 
den, sfiarp waveforms, which, unlike sleep spindles, are usually found only during 
stage 2 sleep. They spontaneously occur at the rate of approximately t>ne per 
minute but oben can be triggered by noi.ses—especially unexpected noises. Ac¬ 
cording to He Ck'iinaro, Ferrara, and Bertini (2000), they appear to he the fore¬ 
runner of delta waves, which appear in deeper levels of sleep. (See Figttre 8.2.) 
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Figure 8.2 


Stage 2 sleep j 

Sleep 
spindle 

Stage 3 sleep 


Stage 4 sleep 


Tlic Kiil>jtxi is sleopiiij^ soiuhUv now; liui if awakened, sire 
report iliai site has ikjI been asleep. I’his ])lienoinenon ot- 
ten is reported bv nurses who aw aken loudly siiorinj^ paiienis early 
in the ni^ht (prubahiv lo ^ive them a sleeping pill) and find that 
the fratienis insist they were lying there awake all the time. Aliont 
15 niimiles later the subject enters stage sleep, signaled by the oc¬ 
cur re nee of Ingh-amplilude delta activity (slower than !1.5 Yl/). 

{See figure 8.2.) The distineiion between stage 3 and stage 4 is not 
clear-cut: stage S contains 2f>-5fl percent delta activity, and stage 4 
contains more than 50 pei cent. (See Figure 8.2.) 

About 00 miniues after the beginning of sleep (and about 45 
minmes after the onset of‘ stage 4 sleep)* we notice an abrupt 
change in a number of physiological nteasnres recorded from our 
snbjeci. The EE(f suddenly becomes mostly desynchroni/ed, with 
a sprinkling of theta waves* very similar to the record <>blained dur¬ 
ing stage 1 sleep. (Sec Figure 8.2.) W'r alscj note that her eyes are 
raj^idly darting back and I’orth beneath her closed eyelids. We can 
see this activity in the KOCi, recorded from electrcKles attached to 
the skin around Iter eves, or we can t>bserve the eve movements di- 

p ■*' 

1 ectlv—tiie cornea prodtices a bulge in the closed eyelids dial can 
he seen to move ahoui. We alst> see that the EM(i becomes silent; 
there is a profound loss of muscle tonus. In fact, physiological stud¬ 
ies have show^n that* aside from occa.sional twitching* a [teison ac¬ 
tually becomes paralyy.ed during RKM .sleep, Eh is peculiar stage of 
sleep is quite distinct from the quiet sleep we saw earlier, Ii is nsn- 
ally referred to as REM sleep (for tlte rapid eye nnwements that 
charaderi/e it). 

At this point I shotild inirodnce stnne teniiinolog). Stages 1-4 
aie usually referred to as non-REM sleep. Stagers 8 ancf 4 kit e re¬ 
ferred to as slow-wave sleep, because of tfie presence of della activ¬ 
ity. .-Vs we will see* research has focused on the role of REM sleep and 
of sk>w'-wave sleep: iiK>st investigators iK-lieve that the other stages of 
non-RE.M sleep* stages 1 and 2, aie less important. (As we shall see* 
wlum peo[>le are sleep depi ived, iltey make up most ai ilieir slow- 
wave sleep and REM sleep hut not their stage I and stage 2 sleep,) 

Stage 4 is the deepest stage of sleej>; only loud noises will cause a 
person lo awaken* and wlien awakened, the person acLs grogg\-and 
confused. During REM sleep a person might not react to noises* hm he or she is ea.v 
ily aroused by meaningful .stimuli, sucb as the sound of his or her name. Also* when 
awakened from REM sleep* a person appears alei’t and attentive. 

If w-e arouse onr volunteer during RKM sleep and ask her what w^as going on* she 
will almos! certainly report tliat she had been dreaming, Ehe dreams ni‘ REM sletq) 
lend lo be tiarraiive in form; there is a slot vlike progression of events. If we wake her 
during slow-w-ave slee[> and ask* “Were yt>u dreaming?'’ she will most likelv sav, "NoA 
However* if we question her more carefully, she might report the presence of a 
ihougin, an image* or some emotion. 

Dm iiig tlte rest of tile night our subject’s sleep alternates between periods of 
REM and non-REM sleep. Each cycle is ajiproximaiely 90 minutes long* containing 
a 20- to 30-minnie boni of REM sleep. Thus* an X-hoiir sleep will contain lour or live 
periods of REM sleep. Figure 8.3 shows a graph of a ivpical night's slee]>, Ehe verti¬ 
cal axis indicates the EFXi activity that is being recorded; thus REM siee]3 and stage 
1 sleep are placed on the same line because similar patterns f>f KK{i activity occur at 
these times. Note that most slow-wave sleep (stages 3 and 4) occurs during the first 
half of night. Subsetjuent bouts of non-REM sleep contain more and nmre stage 2 


An EEG recording of the stages of sleep* 

Awake 

Alpha activity Bela activity 

Stage 1 sleep 

Theta activity 




K complex 




Seconds 

^^ 




Delta activity 





Delta activity 

REM sleep 

Theta activity Beta activity 

From Horne. J. A Why We Sleep: The Funaions of Sleep in 
Humans and Other Mammals. Oxford, England: Oxford 
University Press. 1988. 


I delta activity Regular, synchro¬ 
nous electrical activity of less than 
4 Hz recorded fronn the brain; oc¬ 
curs during the deepest stages of 
slow-wave sleep. 

REM sleep A period of desyn¬ 
chronized EEG activity during 
sleep, at which time dreaming, 
rapid eye movements, and muscu¬ 
lar paralysis occur; also called 
paradomal sleep. 

non-REM sleep All stages of 
sleep except REM sleep, 

slow*wave sleep Non-REM 
sleep, characterized by synchro¬ 
nized EEG activity during its 
deeper stages. 
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Figure 8.3 


A typical pattern of the stages of steep during a single 
night. The dark blue shading indicates REM sleep. 



basic rest-activity cycle A90- 
iDinute cycle (in humans) of wax¬ 
ing and waning alertness, 
controlled by a pjological clock rn 
the caudal brain stem; controls cy¬ 
cles of REM sleep and slow-wave 
sleep. 


sleep, and bouts of RKNf slvvp (ir)dicaicd by diet lu>ri/onial 
bars) bocuinc more pro loti j^ed. (See Figure S.J,) 

rhe tact tliat REM sleep occurs at regular 9(>-uiiiiutc inter- 
vals suggests that a brain tncchanism alternately causes REM 
and .slow-wave slee[>. Normally; a f)eriod ol’slow-wave sle<‘p must 
precede REM sleep. In addition, there seems to be a relractorv 
period alter each occurrence ol REM sleep, during which time 
REM sleep caniioi take [>lace again. In raci* the cyclical nature 
of REM sleep appears to he controlled by a "clock'" in the brain 
tliat also coiurols an activity cycle dial continues ihrougli wak- 
iug. The firsL suggestion tliat a 9d-tninuLe activiiv cycle occurs 
throughout the day came li fim die observation tliat infUnts who 
are fed on detiiaiul slitiw regular feeding [jatiei ns (Kleiunan, 
1961), Later studies found 9d-ttiiiiute cycles ol rest atid activity; 
including sucli activities as eating; drinking, smoking, heart 
rate, oxygen cotisumptiou, stomach motility; urine production, 
and performance on various tasks tliat make detuands tm a per- 
sotEs ability to pay arte tit ion. Kleitinan termed this phetioine- 
nou the basic rest-aclivily cycle (Kleitman, 19S2,) An ituertial 
‘Alock,” as yet undiseovcied, appears to cause regular changes in activity anti alert¬ 
ness during the day and control [>enods of slow-wave and REM sleep at night. 

As we saw; during REM slee]j we become paraly/ed; most of our spinal and cra¬ 
nial tnoior neurons are strongly inhibited. (OhvionsK; the ones that control respi- 
ratioti and eye movemeuts are spared,} At the same lime the braiti is very active. 
(Cerebral bltnid How and oxygeti consumption are accelerated. In addition, a male's 
penis w'ill become at least partially erect, and a female’s vaginal secredons will iu- 
crea.se. Howevei; Flshei; Gross, and /ueb (I9(r>) found that in males, getiital changes 
do not sigtiify that the person is experiencing a dream with sextial conient. (CX 
com se, people can have dreams w ilh frank sexual content. In males some dreams 
culminate in ejaculation—the so-called noclurtial emissions, m “wet dreams.” Fe¬ 
males, too, someiimes experience orgasm during sleep.) 

The (act that petiile erectiotis occur ditritig REM sleep, independem of sexual 
arousal, has been itsed cliiiicallv to assess ihe causes ol‘iniijotettce (Kiii acan, Salts, 
atifl Williams, 197S; Singei atid Weiiiei; 1996). A subject sleeps in Lite laboratory w ith 
a tlevice attached to his penis that measures its eii cumference. 11 penile enlargeinetu 
occurs during REM sleep, then Ids failure to obtain an erection during attempts at 
intercourse is not caused by phy.sioingical pi oldems such as nerve damage or a cir¬ 
culatory disorder. (A neurologist Wild me tliat there is a less expensive way to gather 
the same data. The patient obtains a sti ip of postage stamps, itudsiens diem, aiul ap¬ 
plies them arotuKl his ]>eids before going to heel, fit the morning he checks to see 
whether die perlbrations are hioken.) 

The ini[)orumt tliderences IxUween REM and slow-wave sleep are listetl in TabieS.L 

Table 8.1 


Principal Characteristics of REM and Slow-Wave Sleep 

i 

REM Sle^p 

Slow-Wave Sleep 

EEC desynchrony (rapid, irregular waves) 

EEG synchrony (slow* \raves) 

Lack of muscle tonus 

Moderate muscle tonus 

Rapid eye niovemenis 

Slow or absent eve movements 

Penile erection or vaginal sex re lion 

Lack of genital activTty 

Dreams 


















INTERIM SUMMARY 


A Physiological and Behavioral Description of Sleep 

Sleep Is generally regarded as a state, but it is nevertheless a behavior. The stages of non- 
REM sleep, stages 1-4, are defined by EEG activity. Slow-wave sleep (stages 3 and 4) includes 
the two deepest stages. Atertness consists of desynchronized beta activity (13“30 Hz); relax¬ 
ation and drowsiness consist of alpha activity (8-12 Hz); stage 1 sleep consists of alternating 
periods of alpha activity, irregular fast activity, and theta activity (3.5-7.5 Hz); the EEG of 
stage 2 sleep lacks alpha activity but contains sleep spindles (short periods of 12-14 Hz ac¬ 
tivity) and occasional K complexes; stage 3 sleep consists of 20-50 percent delta activity (less 
than 3,5 Hz); and stage 4 sleep consists of more than 50 percent delta activity* About 90 min¬ 
utes after the beginning of sleep, people enter REM sleep. Cycles of REM and slow-wave 
sleep alternate in periods of approximately 90 minutes* 

REM sleep consists of rapid eye movements, a desynchronized EEG, sensitivity to exter¬ 
nal stimulation, muscular paralysis, genital activity, and dreaming. 

THOUGHT QUESTIONS 

1, Have you ever been resting quietly and suddenly heard someone tell you that you 
had obviously been sleeping because you were snoring? Did you believe them, or 
were you certain that you were really awake? Do you think it was likely that you 
had actually entered stage 1 sleep? 

2* What is accomplished by dreaming? Some researchers believe that the subject mat¬ 
ter of a dream does not matter; it is the REM sleep itself that is important* Others 
believe that the subject matter does count. Some researchers believe that if we re¬ 
member a dream, then the dream failed to accomplish all of its functions; others say 
that remembering dreams is useful, because it can give us some insights into our 
problems. What do you think of these controversies? 

3. Some people report that they are ''In control" of some of their dreams, that they 
feel as if they determine what comes next and are not simply swept along passively. 
Have you ever had this experience? And have you ever had a "lucid dream," in 
which you aware of the fact that you were dreaming? 


i 


Disorders of Sleep 


Bocauso we spend aboui one-ihird ofnur lives sleeping, sleep disorders can have a 
significant impact un oui‘ quality of life* TTiey can als{> affect the way we feel while 
we ai’e awake* 


Insomnia 

Insomnia is a problem that is sitid to alfect approximately 25 percent of the popula¬ 
tion occasitmally and 9 percent regularly (Ancoli-lsrael and Roth, 1999). But we need 
to define imomiiia careinlly. First, lliere is no single definition of insomnia that can ap¬ 
ply to all people. The amount of slee[> that individuals require h quite variable. A 
short sleeper mav feel fine with five hours; a long sleeper may still feel tin refreshed af¬ 
ter ten horns ni‘sleep, hisomnia must he defined in relation to a pcrsoids parucular 
sleep needs. Some short sleepers ha%e sought medical assistance because they thought 
that they wxae suj>pnsed to get more sleep, even ihoiigh they felt fine. These people 
should be reassured iliai whatever amount of sleep seems to he enough /.v enough. 

Ironically* one of the mm\ important causes o(^ insomnia seems to be sleeping 
medication. Insomnia is not a disease that can be corrected with a medicine in the 
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drug dependency insomnia An 

insomnia caused by the side ef¬ 
fects of ever-increasing doses of 
steeping medications. 

sleep apnea (app nee a) Cessa¬ 
tion of breathing while sleeping, 

narcolepsy inahr ko lep see) A 
sieep disorder characterized by 
periods of irresistible sleep, at¬ 
tacks of cataplexy steep paralysis, 
and hypnagogic haliucinations, 

sleep attack A symptom of nar- 
coiepsy, an irresistible urge to 
sieep during the day after which 
the person awakes feeling 
refreshed. 

cataplexy {kat a p/ex ee) A symp¬ 
tom of narcolepsy, compiete paral¬ 
ysis that occurs during waking. 


way liiai tlialn'lcs can be tiealecl willi insulin. Insotnnia is a syiiipioni. H it is caused 
by [3aiu or discoiufnrt, the jjhysieal ailii^eni ihai leads io ilie sleeplessness slnndd be 
Liealed. li it is secniidary to personal [problems ov psycliolofrical dist^rders, these 
problems should be dealt with direcdy. PaUeiMs w1h> receive a sleeping niedicalioii 
develofi a tolerance to the (irug and snlTer rebound syiii[jtoms il it is willulrawn 
(VVeit/rnan, 1981). That is, lire drug U>ses Us cfTeciiveness, so the patient rt^cpiesis 
larger doses from die physician. K tlie patient atteni]>is 10 sleeji wilhoui die atxiis- 
lonied medication or even lakes a smaller rlose <ine night, he or she is likely to ex¬ 
perience a withtlrawal ertecl: a severe disturbance of’sleep. The patient becomes 
convinced that die insomnia is even worse than before and iiirus to more medica¬ 
tion for rebel. This common syiidi'ome is called drug dependency insomnia* Kiiles 
el al. (1979) fVntnd that withdrawal ol'some sleeping medications produced a re¬ 
bound insomnia after the drugs were used lor as few' as three nights. 

I'he second consideration in defining insomnia is die unreliabiliiv of self re¬ 
ports. Very few palicnls are observed during a nigbfs sleep in a sleep laboratory; 
thus, insomnia is one of tlie few medical problems tliai piiysicians treat w'ithoiu liav- 
ing direct clinical evidence fur its existence, lint studies on the sleep of people who 
complain of insomnia show that most of them grossly underestimate the amount of 
time they actually sleep. 

For many years tlie goal of sleeping medication was to lielp people fall asleep, 
and when drug companies evaluated potential medications, they concentrated on 
that property. However, if we tliiuk about the ultimate goal of sleeping medication, 
it is to make the person feel more refreshed the next day. H a medication puts per>~ 
pic to sleep right away hut produces a hangover of grogginess and difficulty con¬ 
centrating the next day, it is w<jrse tlian useless. In fact* many rlrugs that are 
traditionally used to treat insomnia had Just this effect. More recently, researchers 
have recognized that the true evaluation of a sleeping medication must be made 
during wakefulness the following day, and ‘^hangover-free" drugs are finally being de- 
\elope<l (Hajak etal., 199.7). 

A particular form of insomnia is caused by an inabilin- to sleep and breatlie at 
tlie same time. Patients with this disorder, called sleep apnea, fall asleep and then 
cease to breathe. (Nearly all people, especially people who .snore, have occasional 
episodes of sleep apnea, but not to the extent that it interferes with sleep.) Du ring 
a period of sleep apnea the level of carbon dioxide in the blood siinudates chemore- 
ceplurs (neurons that delect the presence of certain chemicals), and the person 
wakes up, gasping for air. The oxygen level of the hlocKi returns to normal, the per¬ 
son falls asleep, and the whole cycle begins again. Fortunately, many cases of .sleep 
apnea are caused by an obstruction of the airway titat can be corrected surgicallv or 
lelieved by a device that attaches to the sleeper*s face and prcnicles pressurt/ed air 
that keeps the airway open (Sher* 1990; l^iceirillo, Duniley, and Schniland, 2000). 


Narcolepsy 

Narcolepsy (yjrn/fc means “numbness/’ and Ifjms means “seizure’') is a neurological 
disorder characterized by sleep (or .some of its components) at inappropriate times. 
The .symptoms can be described in terms of what we know about the phenomena oi’ 
sleep, '['he piimary svurptom of narcolepsy is tlie sleep attack. The narcoleptic sleep 
attack is an overwhelming urge to sleep that can happen at any time but occurs most 
often under monotonous, boring conditions. Sleep (whicli appears to he eniirelv 
normal) generally lasts for 2“5 minutes. The persori usually wakes up feeling 
reiVeshed. 

All Ollier symj^iom ol narcolepsy—in fact, the most striking one—is cataplexy 
(from knlft, “down/' and f)kxh, “stroke"). During a caia]>lecfic aitack a pei son will 
suddenly will and fall like a sack of flour, flie person will lie there, /^^//v cousnous, for 
a few seconds ti> several minutes. What apparently hap[)ens is tliat one of the phe- 







Disorders of Sleep 


noniena oj RKM slfc[>—iimstukii paralvsis—occurs at an ina|)propnaie tiiiic. As wc 
saw, tfiis loss of ttnius is caiiscrl by massive inhibition of motor neurons in the spinal 
cord When tins happens chirijipf waking, the victim of a caiapleclic attack falls as sucl- 
(ienly as if a switcli had been thrown. 

(lalaplexy is quite^ flifTereni from a narcoleptic sleep attack; caiaplexv is usual I v 
precipitated by strong emotion or by siidden physical effort, especially if the paiient 
is caught unawares, Latighter, angei; or an effort to catch a suddenly thrown object 
can trigger a caia[>lecuc attacL In lUci, as Giiilleniinanlt, Wilson, and Dement (1974) 
notetb evet^ pet>|)le who tlt> not liave cataplexy sometimes lose muscle strength af ter 
a hoin (jf intense laugliier* (Peilraps tliat is why we say a person can become ''weak 
from latighter/) (-otnmon situalioiis that bring oit caiaplexv are aiteiupting to dis- 
ei]>line one's children ant! making lovc^ (an awkward time to become paralyzedD- 
Micliaek tite man descrihetl in the chaj^ier prologue, had liis lirsl catapleciic attack 
when he was addressing the board of directors of die eomjjaiiy lie worked for, 

RKM sleep paralysis sometimes intrudes into waking but at a lime that does not 
present any physical danger—'just before or just after iioniial slee[), when a jierson is 
already lying down. This sym]>tom of narcolepsy is referred to as sleep paralysis, an in¬ 
ability to move jnst before the onset of sleep or upon waking in the morning, A per¬ 
son can be snapped out of sleep paralvsis bv being touched or bv hearing someone 
call his or her name. Sometimes, the mental components of REM sleep intrude into 
sleep paralysis; that is, the person dreams while King awake, paralyzed. These 
episodes, called hypnagogic hallucmations, are often alarming or even Lernfving. (44ie 
term conies from lhe(ireek words hupnos, ‘'sleep," and "leading.”) 

As we will see later in this chapter, narc<jlepsy is produced by a brain abnormal¬ 
ity that disrupts the neural mechanisms that control various aspects of sleep and 
arousal. Narcoleptic pauents have diffkuity staying awake, and aspects of RKM sleep 
intrude into the waking state. In addition, they generally skip the slow-wave sleep that 
normally begins a night’s sleep; instead, they go directly into REM sleep from wak¬ 
ing. Finally, their sleep is often disrupted by periods of wakefulness. 

Human narcolepsy is a genetic disorder that is influenced by unknown envi¬ 
ronmental factors (Mignot, 1998), Years ago, researchers began a program to main¬ 
tain breeds of tlogs that are afnicted with narcolepsy in the liope that discovery of 
the causes of canine uareolepsy would further our undersuinding of the causes of hu¬ 
man narc<ilepsy {Sec Fi^treSA.) 'I’liis research has finally paid off. Lin el al. (1999) 
discovered that a mutation of‘a specific gene is responsible for canine narcolepsy 


sleep paralysis A symptom of 
narcolepsy; paralysis occurring just 
before a person falls asleep, 

hypnagogic hallgcination {hip 
na gah jik) A symptom of nar¬ 
colepsy; vivid dreams that occur 
just before a person falls asleep: 
accompanied by sleep paralys^s. 


Figure 8.4 

A dog undergoing a cataplectic attack triggered by its excitement at finding some food on the 
floor, (a) Sniffing the food, (b) Muscles beginning to relax, (c) The dog is temporarily paralyzed, as 
it would be during REM sleep. 



(a) (b) (c) 


Photos courtesy of the Sleep Disorders Foundation. Stanford University. 
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Animation 8.1, Nar¬ 
colepsy, contains videos 
of dogs, mice, and 
people undergoing attacks of 
cataplexy. 



hypocretin A peptide, also 
known as orexin, produced by 
neurons whose cell bodies are lo¬ 
cated in the hypothalamus; their 
destruction causes narcolepsy. 

REM sleep behavior disorder 
{ay tone ee a) A neurological dis¬ 
order in which the person does 
not become paralyzed during 
REM sleep and thus acts out 
dreams. 


The plod net <>[ this gene is a receptor for a receoiiy discovered peptide neuro- 
iraiisinilter called hypocretin {also known by some researclters as orexii}). Flie name 
“hvpoci etiir’ comes from die fan that the lateral /o'/^rjthalamiis cotuains tlie cell bt)d- 
ies of all t)[ the neiiron.s that serrc/cthis peptide. The iiaiiie *'orexin” comes (rom die 
role this peptide piavs in the control of eating and metabolLsnn which are disenssed 
in (chapter 11. {Orrx/s means *‘appetiie'' in (h eek.) 

Chemelli et ai. (1999) prepared a targeted nimation in mice against tlie 
hypocietin gene and found that the animals showed symptoms o[ narcolepsy. Like 
liuinan jiattents with narcolepsy, they went directly into RLM slee[> Irom waking and 
showed periods of cata|>iexv while tliey were awake* (Videos oi narcole[>tic dogs, 
mice, and people are shown in Animation SJ, Narcolepsy.} Hara et ah (2001) created 
a strain of mice with a genetic mutation that caused tlie eventual death of hypticre- 
tinergic neurons. The mice were liorn with diese neurons, hut the neurons degen¬ 
erated later in life, at whicli time the mice sltowed ihe symptoms ol narcolepsy: 
behavit>ral arrests (cataplexy), early-onset RKM sleep, atnl fragnieiUed sleep. 

Ahnormalllies in the hypocretin system appear to he the cause of narcolepsy in 
humans as well (Nishino et ah, 2000), Tlie cause of narcolepsy ap[)ears to he a hered¬ 
itary disorder that stimulates the immune system to attack and desinw hypocretin- 
secreting neurons* Most patients with narcolepsy are born with hypocreiinergic 
neurons, hut during adolescence the immune system attacks these neurons, and the 
symptoms of narcolepsy liegitn 

riie .symptoms oi'narcolepsy can be successfully treated with drugs. Sleep attacks 
can be diminished by stimulants such a niethylphenidate (Ritalin), a catecholamine 
agonist (Vgont/as and Kales, 1999). The RF.M sleep plienomena (catajilexy, sleep 
paralysis, and hypnagogic hallucinations) cati be alleviated by atitidepressant drugs, 
which facilitate both serotonergic and noradrenergic activity (Mltier, 1994; Huhlin, 
1996), As we will see in (Chapter 15, abnormal 1 ties in patterns of REM sleep arc seen 
in people suffering Irom depression. The fact that drugs iliat reduce depression also 
suppress the plienomena of RKM sleep is probably not coineidental. 

More recently, modafniil, a stiiiiulant drug whose precise site ofaetioti is still tin- 
known, has been used to treat narcolepsy (Fry, 1998), (Michael, the man discussed 
in the chapter prologue, is now taking this drug*) A study by Scammell el ah (2009) 
suggests that modafinil acts, directly or indirectly, on hypocretinergic neurons. The 
investigators found that administration of modannil increased the expression of 
Fos protein in hypocretinergic neurons, which indicates that the neurons had been 
activated. 

The connections of hypocretinergic neurons with oilier regions of the brain is 
discussed later in this chapter. 


REM Sleep Behavior Disorder 

Several years ago, Schenek et ah (198(>) reptirted the existence of an interesting dis¬ 
order: REM sleep behavior disorder* As you now know, REM sleejj is accrmipanied 
bv paralysis. Although the motor cortex and subcortical motor .systems are extremely 
active (McCarley and Hobson, 1979), people ai e unable to move at this time* 

The fact that people are paralyzed while they dream suggests the possihilin- that 
but for the paralysis, they would act out their dreams. Indeetl, liiey would. The be¬ 
havior of people who exhibit RKM sleep behavior disorder corresponds with tlie 
contents of their dreams. Consider ihe following case: 

I was a lialfback playing hiothalh and after die c]Uarterhack received the liall frt>rn 
the center he iaieraled it sideways to me and Kin supposed to go around end and 
cm hack over tackle and—this is very viviti—as 1 cm back over tackle ihere is this big 
28()-pouiid tackle waiting, so 1, accoixling to football rules, w^ls to give him my shoul¬ 
der and bounce him out of the way , . , when I came to I was standing in from of onr 
dresser and 1 had [gotten up out of bed and rim and] kmieked lamps, mirrors and 







fvn ylhing (>[] llio dresser, liil nn liead against I he wall and iny knee against the 
dresser, (Selienek et al, 198h, p. 291) 

Like narcolepsy; RKM slee]> behavior dlsortier appears to he a neurofle^enerative 
disorder wiib at least some genetic componeiU (Sehenck et al,, 1996), It is t>[leii as- 
stK'iaied wild better-known neuroclegeneralive dis(>rders sneh as i^n kiiisoids disease 
and multiple sysiein airojjliy (Boeve ei ah, 2001). I'he svmptoms of RKM sleep be- 
ha\ior di.sorder are the fj]jpt>site ol’iliose of cataplexy; that is, rather than exhibiting 
paralysis out.side RKM sleep, patieiiLs with RKM sleep beliavit>r disoider/^'///lo exhibit 
j^araiysis RKM sleep. As yon might expect, the drugs that are used to treat the 

sym[>totns oi cataplexy will aggravate the svmpioins of RKM sleep behavior disorder 
(Sclrenck and Mahowald, 1992). RKM slee|> behavior disorder is nsnallv treated by 
elona/epam, a ben/.odia/epine (Schenck, Hnrwitjr,and Mahowald, 1993). 


Problems Associated with Slow-Wave Sleep 

Some maladaptive behaviors occur during slow-wave sleep, especiallv during its 
tleepesl phase, stage 4, These beha\iors ineliule bed-wetting {ftorUnnal 
sleepwalking {som}ia}>ihuilsm), and night terrors (fmfor nortiinnis). All lliree events oe- 
eiir most frequendv in clnldren. Often befl-welting can be cured bv training metli- 
ods, .siicb as having a special electrtniic circuii ring a bell when the lirsi few dro[>s of 
m ine are rlelected in the bed sheet (a few rlrops usually precede the ensuing Hood), 
Xiglil tern>rs consist oi anguished screams, irenibling, a rapid pulse, and nsually no 
memory oj'whai caused the terror. Night terrors and somnambulism usually cure 
themselves as the child gets <4den Neither of these phenomena is related to RKM 
sleep; a sleepwalking person is acting out a dream. Most antlioniies llrmly advise 
that the best ireaimeni for these two thsorders is no treatment at all. I'here is no ev¬ 
idence that tliey are assticiated (at least in cliildhood) with menial disorders or per¬ 
sonality variables. 


INTERIM SUMMARY 


Disorders of Steep 

Although many people believe that they have insomnia—that they do not obtain as much 
sleep as they would like—insomnia Is not a disease. Insomnia can be caused by depression, 
pain, illness, or even excited anticipation of a pleasurable event. Far too many people receive 
sleeping medications, which often lead to a condition catted drug dependency insomnia. 
Sometimes, insomnia is caused by sleep apnea, which can often be corrected surgically or 
treated by wearing a mask that delivers pressurized air. 

Narcolepsy is characterized by four symptoms. Sleep attacks consist of overwhelming 
urges to sleep for a few minutes. Cataplexy is sudden paralysis, during which the person re¬ 
mains conscious. Sleep paralysis is similar to cataplexy, but it occurs just before sleep or on 
waking. Hypnagogic halfucirtations are dreams that occur during periods of sleep paralysis, 
just before a night's sleep. Sleep attacks are treated with stimulants such as amphetamine, 
and the other symptoms are treated with serotonin agonists. Studies with narcoleptic dogs 
and humans indicate that this disorder is caused by pathologies in a system of neurons that 
secrete a neuropeptide known as hypocretin {aiso known as orexin). Another disorder asso¬ 
ciated with REM sleep, REM sleep behavior disorder, is a neurodegenerative disease that 
damages brain mechanisms that produce paralysis during REM sleep. 

During slow-wave sleep, especially during stage 4, some people are afflicted by bed¬ 
wetting (nocturnal enuresis}* sleepwalking (somnambulism), or night terrors (pavor noctur- 
nus). These problems are most common in children, who usually outgrow them. Only if they 
occur in adults do they suggest the existence of a physical or psychological disorder. 
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THOUGHT QUESTION 

Suppose you spent the night at a friend's house and, hearing a strange noise during the 
night, got out of bed and found your friend walking around, still asleep. How would you 
tell whether your friend was sleepwalking or had REM sleep behavior disorder? 



We all know fiow insistent the ur^e icj slee[> can lx* and licm uncomIV h table we feel 
when we fiave to resist it and slay awake. With ilie exception of the effects of severe 
pain and the need to breathe, sleepiness is pr4>bably die most insistent drive. People 
can commit suicide by ivbising to eat <jr drink, but even the most stoical jierson caio 
not indeilnitely deb’ the urj^c to sleep. Sleep will come, soriner or later, no matter 
how hard a person tries to stav awake. Ahhon^h the issue Is not yet settled, most re¬ 
searchers ht‘ljeve that the primary function of slow-wave sleep is to pei init the brain 
to resL RKM sleep appears to promote brain devehjpmeni and learning, but Itow It 
might do so is not yet midersioi>d. 


Functions of Slow-Wave Sleep 


Sleeji is a universal phenomenon among vertebrates. As far as we know, all mammals 
and birds slee|> (l)urie, 1981). Re[xiles also sleep, anil [isli and amphibians enlei' pe¬ 
riods oi qnicscence dial probably can be called sleep. I lowever, only warm-blooded 
vertebrates (mammals and birds) exhibit unequivocal RKM sleep, with muscular 
|)aralysis, Klvti .signs of ilesviiclirony, and ra[>id eye movements. 

Sleejj appears to be essential to survival. Kvidence for this assenioti conies from 
die laet that sleejj is innnd in some species olhnamnials dial would seem to be better 

i>ff without it. For example, the Indus d(>lphin iufit) 



The two cerebral hemispheres of some species of porpoises 
take turns sleeping—although probably not when the 
animals are as active as the one shown here. 


lives in the muddy waters of the Indus estuarv in Pakistan (Pilleri, 

r ■ 

197V)). Over evolutional y lime, it lias IxTonie blind, presumably 
Ixx aiise vision is iioi useful in the animars environment. (It has 
an excellent sonar system, which it uses to navigate and find 
piev.) llowevei; ile.spiie die dangei's caused In sleeping, sleep 
has not disappeared in this .species. Tfie Indus dolpliin never 
slops swimming: doing so would result in injurv; because of the 
dangeitHis ciirreiits and the vast qiiaiililies of debris carried by 
the river during llie monsexm season, Pillert cajiinred moofthe 
dolpliiiis and studied their hal>ils. He foimd iliat they slept a to¬ 
tal of 7 flours a ciay, in brief naps of 4-fid seconds each. If slee[> 
were simply an adaptive res[)onse, why was it not eriminated (as 
vision was) tlirough the jirocess of iiaim al selection? 

Some other species of marine mammals have developed an 
extraordinary [>aiiern of sleep: The cerebral lieniisplieres take 
turns sleeping, presumably Ixx ause dial strategy' always pei inits 
at least one hemisphere to be alert, fhe boulenose dolphin (Tttr^ 
slftj/s (nitiaitus) and the [>oipoise (Phorortia bolli sleep 

this way (Mukhanietov; 1984), Figure S..5 sliows the F.ECj record¬ 
ings from the two heinis[>lieres; note that sUnv-wave sleep occurs 
iiidependentlv in the left and riglil hemispheres. (See Figtitv8.5.) 


Effects of Sleep Deprivation 

VVlien we are forced to miss a inghTs sleeji, we become very 
sleepy. The fact iliat slee]>iness is so motivating suggests tliai 
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Figure 8.5 


Right Hemisphere 


Waking 


YiyvWi 

Intermediate 

sleep 


Left Hemisphere 


Waking 


Waking 


sleep is a necessity of life. !f so, it shouki be possible to de¬ 
prive peo)]ile or sleep and see whai Itmctions are riis- 
rnpted* We should liieii I>e able in infer ifie role that sleep 
plays. The resnhsofsleep deprivation sindies siigjrest that 
the restoralive effects sleep are more iinportanl for ilie 

brain than for the rest of the bodv. 

/ 

Sleep deprivation studies with human subjects have 
provided Mule evirlence tliat sleep is needed to keep the 
body functioning itornially. Horne (1978) j evievved over 
nfiy experiments in winch people harl been deprived of 
slee[>. He reported tliai most of ihetn hnnid that sleeji 
deprivation did not interfere with people's ability to per¬ 
form [>liysit:al exercise. In addilinin the studies found no 
evidence of a ]:)hysiological stress i esjionse to sleep depri¬ 
vation. Tints, the primarv role of sleep does not seem to 
be rest aitd recitperation of the bodv. However, people's 
cognitive abilities were a Heeled; st>me people re]>orted 
percejitual distoriions or even hallucinations an<l had 
trouble concentrating on mental tasks. Perhaps sleep pro¬ 
vides the oppc>rtttnitv for the brain to rest. 

During slow-wave sleep, both cerebral metabolic rate and cerebral blood flow de¬ 
cline, falling to ab(>ni 73 percent of the waking level durittg stage 4 sleep (Sakai et 
af, 1979; Buchsbaum et al., 1989; Maquet, 199.3), In particular, the regions that have 
the highest levels of activity during waking show the highest levels of della waves— 
and the lowest levels of activity—during slow-wave sleep. Tints, the presence of delta 
activity in a particular region of’the brain appears to indicate that that region is rest¬ 
ing. As we know' from behavioral observation, people are imreaclive to all but intense 
stiinnli during slow-wave sleep and, ifawakened, act grogg\ and cnufhsed, as if their 
cerebral cortex has been shut down and has not vet resumed its funeiiotung. These 
observations suggest that during stage 4 sleep the brain is indeed lasting. 

An inherited neurological disorder called fatal familial insomnia rcsulls in clam- 
age to ]>4>ruons ol’lhe tfialamus (SlVn xa et ak, 1995; ( .allassi et al,, 199b). The svm[> 
toms of this disease include deilcits in aiieniion anrl memorv, followed bv a 

j p 

tireatnlike, eoiifiised state: loss of control of the auionomic nervous system and the 
endocrine svslein: and insomnia. The firsi signs of sleep disttirbances are reductions 
in sleep spindles and K complexes. As the disease progresses, slow-wave slee[> com¬ 
pletely disap]lears, and only brief episodes of'REM sleep (without the accompany¬ 
ing paralysis) remain. As the name inflicaies, the di.sease is iatal. Whether the 
insomnia, caused hv the brain damage, contributes to the other svm]>toms and to the 
patient's death is not known. 


Sleep in a dolphin. The two hemispheres sleep independently, 
presumably so that the animal remains behaviorally alert. 



Slow-wave 
sleep 


Waking 



Waking 


Slow-wave 
sleep 


Adapted from Mukhametov, L, M., in Sleep Mechanisms, edited by A. A. 
Borbely and J. L. Vafatx Munich: Springer-Verlag, 1984. 


Effects of Exercise on Sleep 

Slee[) deprivation studies with humans suggest that the brain riiav need slow- 
wave sleep to recover front the day's activities but that the rest of the bodv does not. 
Anotfier way to determitte whether sleep is needed for restoration of physiologieal 
fnnelioiiing is to look at the effects of davtime activity on nighuime sleep. If the fntie- 
tion of'slee[> is to repair the effects of activity during waking hours, then we should 
expect that sleep and exercise are related. That is, we should sleep more after a day 
of vigorous exercise than after a clay spent qtiietly at an office desk. 

However, the relaiionshi[> between sleep atid exercise is not very compelling. 
For example, Ryback aitd l.ewis (1971) found no changes in slow-wave or REM sleep 
of fieahity sttbjecis who spent six weeks l esiing in bed. [f sleep ref>airs w-ear aitd tear, 
we would expect these people to sleep less, Adey, Bors, and Purler (l9bS) studied 
the sleep of romplHcly immobile quadriplegics and paraplegics and found otiiv a small 
cleerease in slow-wwe sleep as com[>ared witlt uniitjitred people. Thus, although 


fatal familial insomnia A fatal 
inherited disorder characterized by 
progressive insomnia. 
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rebound phenomenon The in¬ 
creased frequency or intensity of a 
phenomenon after it has been 
temporarily suppressed; for exam¬ 
ple, the increase in REM sleep 
seen after a period of REM sleep 
deprivation. 


slt'op ccriainlv pruvidos llir body with rest, its priniarv iunnioii appears to Ix^ sonie- 
i hi tig else. 

Effects of Mental Activity on Sleep 

If ilic pi iiiiarv fimciion o[ slow-wavo s]ot‘[i is to [icrtnit llio brain to rest and re¬ 
cover (I'oni its daily activity, then we niight ex[>cci lliai a [lersoii would spend tiiore 
lime in slow-wave sleep alter a day ol’ intense cerebral activity. Ursi of all. tasks that 
detuand alertness and menial activity r/e increase glucose metabolism in the brain, 
as tneasmed bv a PKT scanner (Roland. 1984). The most signiikani increases are 
seen in the frontal lobes, wliere delta activity is most intense tlnriiig slow-wave sleep. 
In an experiineni that snppt>ns this interpretation, Kill tier. Dijk. and Borbely 
(1994) stimnlated a person's band with a \'il>rator. \s4iieh activated the crnuralaieral 
somatosensory cortex. I'he next night, a recording of the subject's EE(i showed 
more delta activity in that region ofThe brain. Presumably, the hicrea.sed aelivily of 
the cortical neurons called for more rest during the following night’s sleeji. 

In an ingenious sindy Horne and Minard { 198 .t) h>und a \vay to increase men¬ 
tal aclivitv wilhoui affeciing pliysical aciivitvand witlttiul causing stress, I’he inves- 
ligators told subjects in show up lor an experiment in which lliey were supposed to 
lake some tests designed to measure reading skills. Wlien tlie subjects turned np. 
however, they were told that the plans had beeti changed. They were invited iVir a 
dav out, at the expense of tile experimenters. (Not surpt isingly. tlic subjects will¬ 
ingly accepted.) Thev spent the day visiting an an exhibition, a shopping ceiiler, a 
museum, an anuisement park, a /oo, and an interesting mansion. After a scenic 
dt'ive tlirougli the coiimrvside they w'aiclied a movie in a local theater. They were 
driven from place to place and certainly did not becc>me overbeaicd by exercise. Af¬ 
ter die movie they returned to the sleep laboratory. Tliey said they were tired, and 
thev readily fell asleej). Their sleep duration was normal, and they aw^oke feeling re- 
fVesherl. However, their slow-wave slee[>—^particularly stage 4 sleep-—was increased. 
After all that mental exercise, the brain a]>pears to have needed more rest than 
ustiak 


Functions of REM Steep 

(dearly, REM sleejj is a time o\' intense jihvsiological activity. The eyes dan about 
rapidly, the bean rate sliows sttdden accelerations and decelerations, breathing be¬ 
comes irregular, and the brain becomes more active. It w^oiild be unreasonable to ex¬ 
pect that REM sleep has ihc same functions as slow-wave sleep. An early repoil on 
the effects of REM sleep deprivation (Dement, 1960) oliserved that as the depriva¬ 
tion progressed, subjects had to be awakened from REM sleep mow frequently; the 
^'pressure" to enter REM sleep built up. Fui thei lUfire, after several daysoi’RE.M sleep 
deprivation, subjects would sliow’ a rebound phenomenon wlien permitted to sleep 
normallv; they spent a much greateiHban-normal percentage of the recovery night 
in REM sleep. This rebound suggests that there is a need for a certain amount cjf 
REM slee[)—^that REM sleep is ct>ntrolled by a regulatory mechanism. If seleciive de- 
privatiot) causes a deficiencv in REM sleejj, ibe delk ieucy is made up later, when un- 
iliterrupled sleep is permitted. 

Researcliers have long been struck bv the I act tliai the highest proportion ol 
REM sleep is seen during the most active pliase of brain development. Eeihaps, then, 
REM sleep plays a role in tliis process (R<jffwai g, Mu/it>. and Demeni, 19bb). File as- 
sodatiun could go either way; brain development could cause REM sleep ([>erhaps 
to tidy up after spttrts ofbteural growtli). or RE.M sleep could be setting the stage for 
brain growth to occur. Ehe developmental hypothesis is su]3]x>ned by the fact that 
infUni animals born with well-developed brains (such as guinea pigs) spend pro- 
ptn tionallv less time in REM slcxq) than do infVmi animals born with less-developed 
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brains (such as rais. caK or Immaiis)- Siudics of liumaii [‘etiiscs and infants horn 
preniattirely indicate dial REM sleep begins u> appear 30 weeks after conception 
and peaks at around 40 weeks (Roffwarj^, Mu/io, and Dement, l OOb; Petre-Qiiadens 
and l)e Lee. 1074; Inone et al., 1980). Approximately 70 percenl of a newborn in- 
(ant's sleef> is REM slee[>, IH' six months oj a^e iliis proportion has declined lo a[> 
prtixiinately 30 percenu \\y eight yeais of age it has fallen to a]>]5roximatelv 22 
percent, and by late adulthoorl it is ie,ss than 15 percent. 

Bill if tlie function of REM sleep is to promote brain development, why dt> adults 
have REM sleep? One jjossihility is that REM sleep facilitates the massive cliaiiges in 
the brain that occur during development but also the moie modest eliaiiges re- 
s[>ousible for learning that occur later in life. Some investigators fiave suggested that 
memories t>f events of the previous day—especially those ((ealing with emotionally 
relaietl ini’ormation—are consolidated and integrated with existing memories 
(Greenberg ami Pearhiian, 1974); others lia%e suggested that this time is utilised to 
acconiplisli llie opposite function: to (hisli useless iufbrmaiion (him memorv; to pre¬ 
vent the storage of useless clutter {Gaick and Milch Ison, 1983, 1995). 

Studies with laboratory animals suggest that REM sleep does indeefi peridrm 
I’uiictions that facilitate learning. Investigators have carried out two tvpes <if experi¬ 
ments. Ill the first they train animals in a learning task and then deprive them ol’ 
REM .sleep lor a f>eriod <>( time. If REM sleep facilitates learning—perhaps bv pro¬ 
moting changes in the brain that store the information jttsl acquired—then animals 
that are deprived of the oppoi timity to engage in REM sleep after the training ses¬ 
sion should nol learn as well as control suf>jects. In the second type o(‘experiment, 
investigators train animals in a learning task and then monitor tlieir sleej) for several 
hours. /Ml increase In REM sleep suggests tliai learning increases the need for this 
stage of sleep. 

Expel iineiits of bolli types have of>taiiiecl positive results, Fr)r exani[>k% wlien 
animals are deprived of REM sleep after participating in a training session, they 
learn the task more slowly; thus, REM sleep deprivation 
retards memory formation (Smith, 1996). In an example 
of the second type of experiincni, Bloch, Hennevin, and 
Leconte (1977) gave rats daily training trials in a com¬ 
plex maze. They Idund tliat the experience enhanced 
subsequent REM sleep. Moreover, daily performance was 
reUiteti to subsequent REM sleep. 4'he lower curve in Fig¬ 
ure 8.6 shows REM sleep as a perceniage of total sleep. 

The upper curve illustrates tfie animals’ performance in 
tlie maze. You can see that the largest increase in rnn- 
niiig speed (possibly representing the largest increase in 
learning) was accompanied by the largest amount of 
REM sleep. Also note that once the task w'as w'ell learned 
(after day 6), REM sleep declined to baseline Icnels. (See 
Figure 8.6,) 

Studies with human subjects have found that REM 
sleep tleprivation has only a small effect on a person’s 
ability to learn or to remember wliat was previc>usly 
learned. But several studies liave found that learning can 
affect the amouni of REM sleep a person obtains. For ex¬ 
ample, .several studies found that retarded children en¬ 
gaged in le.ss REM sleep than normal children and that 
iniellecuially gifted children engagetl in more (Dujardin, 

Ciiierrien, and Leconte, 1999), In addition. Smith and 
Lapp (1991) found that REM sleep ul college students in- 
creased during exam time, when they presumably were 
spending more time learning new information. 


Figure 8.6 


Percentage of sleep time spent in REM sleep {tower curve) as a 
function of maze-learning performance (upper curve). 
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From Bloch. V,. Hennevin. E,. and Leconte. R, in Neurobiotogy of Steep and 
Memory, edited by R. R. Dmcker-Colin and J L. McGaugh. New York: 
Academic Press. 1978. 
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INTERIM SUMMARY 


Why Do We Sleep? 

Sleep appears to provide a period of rest for the brain. The fact that all vertebrates sleep, 
including some that would seem to be better off without it, suggests that sleep is an essen¬ 
tial phenomenon. In humans the effects of several days of sleep deprivation include per¬ 
ceptual distortions and (sometimes) mild hallucinations and difficulty performing tasks that 
require prolonged concentration* These effects suggest that sleep deprivation impairs cere¬ 
bral functioning* Deep slow-wave sleep appears to be the most important stage, and per¬ 
haps its function is to permit the brain to recuperate. Fatal familial insomnia is an inherited 
disease that results In degeneration of parts of the thalamus, deficits in attention and mem¬ 
ory, a dreamlike state, loss of control of the autonomic nervous system and the endocrine 
system, insomnia, and death* 

The primary function of sleep does not seem to be to provide an opportunity for the 
body to repair the wear and tear that occurs during waking hours. Changes in a person's level 
of exercise do not significantly alter the amount of steep the person needs the following 
night. Instead, the most important function of stow-wave sleep seem to be to lower the 
brain's metabolism and permit it to rest In support of this hypothesis, research has shown that 
sloW’Wave sleep does indeed reduce the brain's metabolic rate and that increased mental ac¬ 
tivity (the surprise treat experiment) can cause an Increase in slow-wave sleep the next night. 

The functions of REM sleep are less understood than those of slow-wave sleep, REM sleep 
may promote brain development and learning. So far, the evidence is inconclusive, although 
several studies have shown a moderate relationship between REM sleep and learning. 

THOUGHT QUESTIONS 

The evidence presented in this section suggests that the primary function of sleep is to 
permit the brain to rest. But could sleep also have some other functions? For example, 
could sleep serve as an adaptive response, keeping animals out of harm's way as well as 
provide some cerebral repose? Sleep researcher William Dement pointed out that one of 
the functions of the lungs is communication. Obviously, the primary function of our lungs 
is to provide oxygen and rid the body of carbon dioxide, and this function explains the 
evolution of the respiratory system. But we can also use our lungs to vibrate our vocal 
cords and provide sounds used to talk, so they play a role in communication, too. Other 
functions of our lungs are to warm our cold hands (by breathing on them), to kindle fires 
by blowing on hot coals, or to blow out candles. With this perspective in mind, can you 
think of some other useful functions of sleep? 



Physiological Mechanisms 
of Sleep and Waking 


So i\u\ 1 liavc discussed ihe nauire of sleep, problems associated with ii. and its func¬ 
tions* Now ii is time to examine whai researclicis liave discovered aboni ihc [jhysio- 
lo^ical mechanisms dial are responsilile for die beliavior of sleep and for its 
coumerpart, alert wakefulness* But before doiiijr so, I must emphasize that sleep 
does not occur simply liecause neun>n.s get tired and begin to fire more slowly. Like 
otlier behaviors, sleep occurs when a particular neural cii cuit becomes artive. Acti¬ 
vation of dxis circuit puts us to sleep* 


Chemical Control of Sleep 

As we have seen* s)ee[> is lliai is, if an organism is deprived o[Alo\v-\vave 

sleep or RLM sleep, die organism will make up at least part of the missed sleep when 






Physiological Mechanisms of Sleep and Waking ^ 


241 


pcrrniuccl to do so. In addition, tlie iiinoum of slow-wave sleep tliai a peisi>n obtains 
during a daytime nap is deducu'd from rlie amount of slow-wave sleep he or she ol> 
tains the next night (Kiiracan el ah, 1970). lliese facts suggest that sotiie physiolog¬ 
ical mechanism monitors the amount oi sleep tliat an organism receives. Wltat might 
this mechanism be? Perhaps prolonged wakcfultiess produces a sief^p-pmmaitHg sulh 
sUmrnov sleep produces a wakefulnFss-juomofingsxih^iAnc^s, 

Where might these substances be located? They do not appear \o he iditnd in 
the general circulation of the body. As w'c saw earlier, the cerebral hemispheres of 
the botllenose dtjlphin sleep at different times (Mukhanietov, 1984). If sleep were 
controlled by chemicals carried in the blood, the hemispheres should sleep at the 
same lime. This observation suggests that if sleep is controlled bv chemicals, these 
chemicals are prodticed within the brain and act there. In support of this stiggestion, 
Oleksenko el al, (1992) obtained evidence tliat indicates that each hemisphere of 
the brain incurs its own sleep debt. The researchers deprived a bottlenose dolphin 
of sleep in only one hemisphere. W hen they allowed the animal to sleep normally, 
they satv a rebound of slow-wave sleep only in the deprived hemisphere. 

Benington. Kodali, and Heller (1995) suggested that a nucleoside neiiroirans- 
mitter, adfnasme, might play a primary role in the control of sleep. I he primary nu¬ 
trient of the brain is glucose, carried to the brain by the blood. The blooti stipplv 
usually delivers an adequate amotmt of glucose, but if some regions of the brain be¬ 
come especially active, the cells located there consume the glucose hister than it can 
be supplied. In .such cases extra nutriems are sttpplied by asU’ocvtes (Swanson. 1992; 
Swanson and (’hoi, 199,S), Astrocytes maiiuain a small stock of nutrients in tlie form 
of glycogen, an insoluble carbcdiydraie that is also stocked by the liver and the mus¬ 
cles. The metabolism of glycogen causes an increase in the levels of adenosine, a neu- 
romochilator that has inhibitor)' effects. Beihngton and his colleagues suggested that 
this accumulation of adenosine increases tiie amount of delta activity duriiig tile next 
night's sleep. The cells in that region rest, and the astrocytes renew their stock of glyco¬ 
gen. In supptti L (4 this hypothesis, the investigators found tliat when ihev admitiis- 
tered a drug that stimulates adenosine receptors, they saw increases in delta activiU' 
dining tlie anintais' slow-wave sleep. And as we .saw in Cliaptcr 4, caffeine block.s adeno¬ 
sine receptors. (I don't have to tell you the efleci that caffeine has on sleepiness.) 

More l eeenl evidence .supports the hypotliesis tliat adenosine plavs a role in reg¬ 
ulating sleep and suggests tiiai it acts on particular neural mechanisms invi>lved In 
sleep and waking. The adenosine hypothesis is discussed later in this chapter, in a 
section on the neural control t)f sleep. 

Neural Control of Arousal 

.As we have seen, sleep is not a uniform condition but consists of several difTerent stages 
with very diJfereni characteristics. The waking state, too, is noiumiform; sometimes w\" 
are alert and attentive, and sometimes we fail to notice much about w^hat is happening 
around us. Of’course, sleepine.ss has an effect on wakefulness; if we are ilgluing to stav 
awake, the struggle might impair our ability to concentrate on other things. But every¬ 
day observations suggest that even wfieii we are not sleepy, f>ur alertness ean vary. For 
examplt% w'hen we observe something very interesfing (or fnglueiiing or simplv sur¬ 
prising), w^e feel ourselves become more alert and aware of onr surroundings. 

Circuits of neurons that secrete at least five difTerent neuroiransmitiers play a role 
in some aspect of an animaTs level of alertness and wakef ulness—what is commonlv 
called arousal: acetylcholine, norepinephrine, serotonin, histamine, and hvpocretin 
(Wada et al., 1991; McCormick. 1992; Marrocco, Witte, and Davidson, 1994; Hungs 
and Mignol, 2001). 


Acetylcholine 

One of the most important ncurotransmitters involved in arousal—^especially of 
the cerebral cortex—is acetylcht)line. Tw'o groups ofacetylcholinergic neurons, one 


adenosine A chemical produced 
when increased neural activity re¬ 
quires the breakdown of glycogen 
stored m astrocytes; may increase 
delta activity during the next 
night s sleep and thus enable the 
region to recover from its energy 
expenditure. 
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locus coeruleus (sa roo !ee us) 
A dark-colored group of nora¬ 
drenergic celt bodies located in 
the pons near the rostral end of 
the floor of the fourth ventricle; 
involved m arousal and vigilance. 

raphe nuclei {ruh fay) A group 
of nuclei located in the reticular 
formation of the medulla, pons, 
and mid brain, situated along the 
midline; contain serotonergic 
neurons. 


in lilt' pons and ont- locaiotl in tiic basal fbt^brain, product" activation and conical 
dcsynchrony when they arc siiiiiulatcd ((oncs^ 1990; Stcriadc, 199b). 

Researchers have long knowti tfiat acetylclujlinergie amagtnlists decrease EKCi 
signs oi cortical arcHisal and that acetylcholinei gic agonists increase Lhern (Vander- 
wolh 1992). Day, Damsma, and Fil>iger (1991) used inicrodialysis probes to measure 
the release of acety lcholine in tlie slriatuni, hippocampus, anti frontal cortex—three 
regions whose activity is closely related to an animal’s alertness and behavioral 
arousal. They found that levels t>f A(lh in these regions were highest when the animals 
were active and lowest when they were inactive. In addition, Rasmussoiu Clow, and 

jt 

Szerh (1994) fbuntl that electi ical stimulation of a region of the dorsal pons activated 
the cerebral cortex and increased the lelease of acelylclioline there by 350 percent. 
A group of acetylcholinergic neurons located in the basal forebi ain forms an essen¬ 
tial part of the pathway that is responsible for this ef fect. Tlie invesligaloi s found that 
il these neurons were deactivated bv infusing a local anesilieiic or driigs that blocked 
synaptic transmission, the activating effectsof the pontine stinuilation were abolished. 


Norepinephrine 

Investigators have long known that catecholamine agonists such as ampheta¬ 
mine produce arousal and sleeplessness. These efTects appear to be mediated pri¬ 
marily by the tioradrenergic system of the locus coeruleus, located in the dorsal 
pons. Neurons of the locus coeruleus give rise to axons that branch widely, releasing 
norepinephrine (from axonal varicosities) ihronghout tlie neoc<Hlex, hippocam¬ 
pus, ihalanms, cerebellar cortex, pous, and medulla; lluis, they potentially affect 
widespread and important j'egii>ns of the brain. (See Figure 8.7.) 


Figure 8.7 

A sertton through the pons of a rat, showing the location of the locus coeruleus. which contains 
the cell bodies of most of the brain's noradrenergic neurons. Also shown are some structures that 
play a role in REM sleep, which is discussed later. 
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nuclei tegmental 
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Adapted from Paxinos* G., and Watson. C The Rat Brain in Stereotaxie Coordiriates. Sydney: Academic Press. 
1982 Redrawn with permission 
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Figure 8.8 

Activity of noradrenergic neurons in the locus coeruleus of freely moving 
rats during various stages of sleep and waking. 



From Aston-Jones, 6., and Bloom, F. E. The Journsi of Neuroscience, 1981, ?, 
876-886, Copyright 1981 by The Society for Neuroscience. 


Asioii'jnnes and Bl(Hnn (l*)Sla) rccf^rrlt-d from nnradrcncr^ic iK'uroii?^ oftlic lo 
nis coernlens (IXi) across the sleefMvaking cycle in unrest rained rais. As Figure H.H 
shows, tliese netirons exhiliited a close relaiionsliij) to f>e]iavioral arousal. Note llie 
decline in firing rate beroie and rkiring sleep and the abrupt increase when the an- 
itnal wakes. The rate rji fiETii^ of neurons in the locus coeruleus falls almost tr> zero 
durinj^ RKM sleep and increases drainaiicallv when die animal wakes. As we shall see 
later in this chapter, tfiese lads sup^p^est that diese neurons (alont^ with sej'otouergic 
neurons) [jlay a role in Cf^ntrolling RKM sleep. (See Figure H.H.) Most invt^siigators 
believe that activity of noradrenergic L( ' neurons increases an aniniars vigifauce—' 
its afiility to pay attention to siimnlj in tfu' en\ironnieiu. 

In fact, a sitjdy by Aslon-[<jnes et ah ( H)d4) fotnirf dial the 
monient-to-moment activity ol noradrenei gic IX" tieurons 
was directly related to the animals' current ]x-r forma nee 
on a task that required vigilance. 


Figure 8.9 


The raphe nuclei, the location of the cell bodies of most of the 
brain's serotonergic neurons. 


Serotonin 


A third neuroiransmiiiei; seioiouin (5-HT), also ap¬ 
pears to play a role iu activating beliavior. Almost all of the 
brain's serotonergic neurons are ibuiid in the raphe nu¬ 
clei, whicli are I oca led in tile medullary and poiuiue re¬ 
gions of the relieular ronnation. (See Figure 8*9,) I'he 
axons ol'diese neurons project to many parts of the lirain, 
including the thalainirs, hypothaUmius, basal ganglia. hi|> 
jDocampus. and uet>coric‘x. Siimulaiion of the raphe nu¬ 
clei causes locotnotion and cortical arousal (as measured 
by the EECi), wliert^as a drug that [ireveuts tlie .syn¬ 

thesis of serotonin, reduces cortical arousal (iT-ck and 
\atiderwolf, 1991). 


Figure 8.10 shows ilie activilv of serotonergic neurons, 
recorded by Tridsoii and Jacobs (1979). As you can se(% 
ifiese neurons, like the inn adrenergic neurons studied by 
Aslon-Jones atid Bloom (1981a), were mosi active during 
waking. Their firing rate declined during slow-wave sleeji 
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Adapted from Paxinos, G , and Watson. C. The Rat Brain in StereotaxfC 
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Figure 8.10 

Activity of serotonergic (B^HT-secreting) neurons in the dorsal raphe nuclei of freely moving cats 
during various stages of sleep and waking. 
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Adapted from Trulson, IVl E., and Jacobs. B. L Bratn Research, 1979, 135-150 Redrawn wuh permission. 


and ix'caine viruialh /chj dni in^ RKM sleep, f lowever, once lire perinci oi RltM sleep 
enclccl, the activity oil he nenrtvns ini mediately increased. (See Figitiv 8.10.) 


Histamine 

Tile Idnrih nenroiransmiiier implicated in the conlixil ot wakelniness and 
arousal is histamine, a compound svjulicsi/ed li oin histifliuc, au amtuo acid. I he 
cell iKKlies of hisiamineri^ic netirtms are located in the tubero mam miliary nucleus 
olThe hypolhalamus. located at llie base of the brain just rostral to the rnammiilai y 
bodies. Tlie axons of these neurons jJi oJect primarily to the cerebral cortex, thala¬ 
mus, basal ^an^lia, basal (brebrain, and hvpoihalamus, I'he prc>jeciions to the cere¬ 
bral cortex rlirectly increase cortical aciivatifjii and arousah and piojeciions to 
aceiylcholinergic neurons ot the basal fbi ebrain an<i (Un sal ponsdcT so iudirecily, by 
increa.sin^ the release of acetylcholine in the cerebral cortex (Khaieb ei aL, 1993; 
Brown, Ste\ens, and I bias, 2001), Injections ofdrugs that prevent the synthesis of his¬ 
tamine or block histamine 11^ rece[Xors decrease wakitig and increase sleep (Titi, 
Sakai, anti Jouvet, 19H8). Also, the aciivitv of hisiatninergic neurons is liigh during 
waking bin k>w during slow-wave sleej:* and RKM sleep (Sieininger et ak, 1990). 

Vt)n are undoubtedly aware that some antiliisiamines, used to n eat allergies, can 
cause drowsiness. They df) so by bltjcking histamine 11, recepliHs. More modern an¬ 
tihistamines cannot cross the blood-hrain barrier, so tlievdo not cause drowsiness. 


tuberomammiJIary nucleus A 

nucleus in the ventral postenor 
hypotlialamus, just rostral to the 
mammilfary bodies; contains hist- 
aminergic neurons involved in cor¬ 
tical activation and behavioral 
arousal. 


Hypocretin 

As we saw in the section on sleep flisoi clers, recent investigations discovered that 
the cause of narcolepsy is degeneration ol hy[>ocretinergic neurons in humans and 
a hereditary absence oi liypocielin-2 receplois in dogs. The cell bodies of neurons 
that secrete hypocretin (as we saw; also called orexin) arc located in the lateral by- 
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potlialatnus. Tlic axiuis of these neurons terininaie in several regions invtjlved in 
arousal, including' ilie locus coenilens, raphe lUJclcL tulx'roinaniinillar) nucleus, 
aceivlcholinerpfic neurons in ihe dorsal pons and basal fbrehrain, and cei’el>ral cor¬ 
tex (Sapei; t^hf>u. and Scannnelb 2001). llypocretiji has an exciiaujry. wakeruhiess- 
promoting eiiect in all o(‘these regions. 

Kslabrookc el al. (21)01) found that hypocrciinergie neunnis ai e aeiive (as mea¬ 
sured by produciion <ji F(>s ))rtneitt) during wakefulness and inactive during sleep. 
High levels of hypoeietinergie activity were seen chii ing spontaneous wakefulness or 
through wakefulness caused by tapping on the rais' cages w'hile they w'erc asleep. 


Neural Control of Slow-Wave Sleep 

Ahhoiigh sleep is a behavior that invokes most ol'ihe braim t>ne region seems to play 
a particularly impoi tant role in pulling us to sleep: the ventrolateral preoptic area 
(VLFA). fhe pretijjiic area Is located just rostral lo the hyp<jthalamus. Studies with 
rats {Nauta, 194tV) and cats (McCuiUy and Stermau* I9b8) found tliai destruction lA 
the preoptic area caused insonitna, lollowed by coma and death. Stennaii and 
(4eineiUe (1062a* 19t>2b) fenmd that electrical stimulation this region picKluced 
opposite effects: drowsiness* EECi desynclirony* and, in many cases* sleep. 

Several rceorcling studies confirm these findings. For example* Shei in el al, 
(1996) found increased levels of Fos ])rotein during sleep in a cluster of neurons in 
the ventrolateral preoptic area. Lu et al. (2000) found that exci to toxic lesions ol iltis 
cluster «>f neurons suppressed sleep, S/yniusiak el al. (1998) i'otind that the activity 
ol single neurons iu the VLFA iticreased during sleep. When the animals were kept 
awake for 12—14 hours and were then allowed to sleep, nemons in the \4,FA sht>wefl 
an especially high rate of firing, as if the drive to sleep were paiaicularly iiiiense. 

Anatomical and histocheinical studies Indicate tlial the contains in¬ 

hibitory (jABA-secreting tieurons and tiiat these neuritns send their axons to the 
tuheromamniillarv nueleus* dorsal pons* lajihe nuclei* and locus coeruleus (S her in 
et ah* 1998). As we saw' in the previous section* activity of neurons in these brain l e¬ 
gions causes cortical aclivatitm and behavioral arousal. The fac t that siimtilaiioii of 
the \'LPA inhibits these regif>ns is ctmsistetu with other evidence indicating that ac- 
livatioii of ilie \1,PA induces sleep. 

The \4TA receives inhihiiory inputs JVom many of the same regions it inhibits* 
including the tnberomammillary nucleus* raphe nuclei* and locius eoeniknis (C4iou 
et ak, 2002), As Saper et ak (2091) suggest* this nuitual inhibition may [irovide the 
basis for estaldishing jjeriods of sleep and waking. They note that reciproc al inhihi- 
lion also characten:^es an electronic cii cult known as a ////^//^>/>. A llijxnop can assume 
one of two slates, usually l eferi eel to as on or off^—or 0 or 1 in computer applications. 
Thus, either the \44fA is active and inliibits the wakefulness-promoting regions or 
the wakefulness-jjromoiing regions are active and inliibit the \4,PA, Because iliese 
regions are mutually inhibiiorv* it is impos.sihle for neurons in both sets of regitnts 
to he active at the same time. (See Figure SJL) 

A fli[>41op has an important advantage: When it switches from one state to an¬ 
other, it does so<[uickly. CUearly, tl is must advantageous to he either aslecfi or awake; 
a state that has some of the cliaracterislics of fjolh sleep and wakel'ulncss would be 
maladaptive. However* there is one problem with flip-flo[is: They can be unstable* 
switching on and off spontaneouslv. In fact* people with narcolepsv and animals with 
damage to the hypocreiinergie system of neurons exhibit just this characierisiic. 
They have great dif liculty remaining awake when noihing interesting is happening* 
and they liave trouble remaining asleef) loi' an extended amount of lime. 

Saper et ak (2001) suggest ihai an imporianl fimction ofdivpocretinergic neu¬ 
rons is to help stahili/e the “flip-flop," Activity of this system of neurons promotes 
wakeliilness and inhibits slee[>. As far as we know* hvpocreiinergic neurons do not 
receive inhibitory input from either side of the “flip-flop*” so activation of either side 


ventrolateral preoptic area 
(VLPA) A group of GABAergic 
neurons in the preoptic area 
whose activity suppresses alert¬ 
ness and behavioral arousal and 
promotes sleep. 
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Figure 8.11 

A schematic diagram of the sfeep/wakfng flip-flop proposed by Saper et ah (2001). The major sleeps 
promoting region (the VLPA) and the major wakefulness-promoting regions (the basal forebraln 
and perlbrachial regions, which contain acetylcholinergic neurons; the locus coeruleus, which 
contains noradrenergic neurons; the raphe nuclei, which contain serotonergic neurons; and the 
tuberomammillary nucleus of the hypothalamus, which contains histaminergic neurons) are 
reciprocally connected by inhibitory GABAergic neurons. When the flip-flop Is "on," the arousal 
systems are active and the VLPA is inhibited, and the animal is awake. When the flip-flop is "off/' 
the VLPA is active and the arousal systems are inhibited, and the animal h asleep. 
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Figure 8.12 

A schematic diagram of the effect of activation of the 
hypocretinerglc system of neurons of the lateral hypothalamus on 
the sEeep/waklng flip-flop. Motivation to remain awake or events 
that disturb sleep activate the hypocretinerglc neurons. 
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(Iocs not alTcct them. As \\v saw in the previous siihseeiion, Kstalirooke et al. (2(K)1) 
found iliai eiifuieed wakefulness inereaseti tlie aeiivily of hvpueretinergie neurons. 
Perliajjs* ihein events lliai keep an animal awake do so [>y aeiivalin^ iliese neurons. 
Perl laps vom success at staving awake dm a boring lecture depends on main¬ 
taining a Ihgh rate of 111 iiig ol your h\ pocretinergic neurons. This eventwould keep 
tlie lli[>flo[;> in the on (waking) state, liecanse we know verv little about the hi puts 
to Inpocretinergic neurons, we cannot yei say how we manage to coiui'ol the firing 
of ihese neurons. (See figtire 8.12.) 

As we saw earlier iti this chapter, atleno.sine is ]>n>dueed wlien neurons heetnne 
especially active, and accumulated ademishie may be at least one of the eliemieals 
that stimulates dixwvsiness and sleep. Porkka-Heiskanen, Sireeker, and Mc(Parley 

(2000) round that fevels of adenosine in the brain in¬ 
creased during wakefiilncss and sh>wly decreased during 
sleep, espeeiallv in the region of ilie liasal forebrain that 
eoniains acetvleholinergie neurons. 

As we jtist saw-, the \ l.PA a[)pears lo be a eriiical brain 
region in the [>roduelion cd sleep. Thus, if the accumula¬ 
tion of adenosine is one ol the factors that makes us 
sleepy, we would expert this ehemical to activate the 
As lar as wc knt>w, the aciivaiiou ol ademjsine re- 
eeplors lias an inhibilorv clfect, which means that anvex- 
eitatury action tins ehemical has on the ATJ’A must be 
indirect. Seaiiunell elal. (2001) louiid that an inf usion of 
an adenosine agonist in the sulxaraelmoid space adjacent 
to ilie \1.PA activated neurons there (as measured by lev¬ 
els of Fos protein), deereased the activity of liistaminei^gic 
neurons of tlie tuheromammillarv nticletis, and in- 
creased slow-wave sleep. The investigators suggested that 
adeiKJsine might increase sleep by inhibiting neurons 
that normally inhibit \H,PA neurons. I'be release from in¬ 
hibition would activate these neurons. (See Figitre8.13.) 
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A study by Tliakkas; Winsiun, and Mc(Parley (2002) 
su^^csts aiUJthcr pussibility* I’hese investigainrs (dunfi 
dial hvpot’rcUiicrgic neurons in ilie iateral hypodialanurs 
contain adenosine A1 leceplois, Tliey suggest tlial I he in- 
liihition of these tienrons caused bv the aecnnuilation of 
adenosine during wakefulness may alstj be mie of tlie sig^ 
nals that promotes sleep. 

Neural Control of REM Sleep 

As we saw earlier in iliis cliapter, RKM slecjj eonsisls of de¬ 
sync iin>ni;^ed EECi activity; muscular paralysis, rapid eve 
moveiTieius, and (in humans, at least) increased genital 
activity. Fhe rale of cerebral metabolism is as fiigh as It is 
during waking (Maejuet ei ak, 1990), and were it nni Ibr 
tile state of paralysis, the level of phyakat acth ity would 
also f>e high. In laboratory animals REM sleep also in¬ 
cludes P(l(} waves. PGO waves (for pons, geniculate, and 
occijiitaf) are the fust manifestaLion of RKM sleep, Tliey 
consist of brief, phasic bursts of electrical activity that orig¬ 
inate in the pons and are propagated to the lateral genic¬ 
ulate nuclei atid then to the primarv visual (occipital) 
cortex, diiey can he seen only when electrodes are placed 
flirectiV into tlie brain, so tfiev liave mn been recorded in 

d * 

humans. It seems likely, however, that they occur itt our 
species, it jo. 

Figure 8.14 shows the typical onset oi RKM sleep, 
reeoi ded in a cal. The first sign of an impending l>ont of 
RKM sleep is the jiresence of P(iO waves—in this ease 
recfirded from electrtjdes ini[>laiUed in tlie lateral genic- 
nlate nucleus. Next, the EECi becomes desviiclinmi/eck 
and then muscular activity ceases and rapid eye move¬ 
ments commence. (See Figure 8J4.) 

As we shall see, RKM .sleep is controlled by niecha- 
uisnis located within the pons. The executive nieclianisni 
(that is, the otie whose activity tin iis ou the various com¬ 
ponents of REAI sleep) consists of a group of neurons in 
the dorsal pons that secrete acetylcholine. During waking 
anti slow-wave sleep, RKM slee}J is inhibited by the sero¬ 
tonergic neurons of the raphe nuclei and tlie ncjradreu- 
ergic nenroiis of the locus coernlens. 


The Executive Mechanism 

Researchers have Ixnig known that aceivlcholinergic 
agonists faciliiaie RK.M sleep. Sinyva and Metcalf (I9ti8) 
found that people who liave been exposed to ni ganoplios- 
[iliaie insecticides, which act as acetvlchfjline agonists, 
spend an increased lime in REM sleep. In a controlled ex¬ 
periment with Immaii subjects, Siiaram, Moore, and (iillin 
(1978) found lliat an A{4i agonist (arecoline) shortened 
the interval between periv)ds of REM sleep and that an 
aceivlcholinergic antagonist (scopolamine) lengthened it. 

Jasper and Tessier (1969) analy/ed the levels of acetvl- 
choline that had been releasetl hv terminal buttons jji the 


Figure 8.13 

Possible role of adenosine in sleep and waking. Prolonged neural 
activity causes adenosine to accumulate, which disinhibits the 
sleep-promoting neurons of the VLPA. 
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Figure 8.14 

Onset of REM sleep in a cat. The arrows indicate the onset of PGO 
waves, EEG desynchrony, loss of muscular activity, and rapid eye 
movements. LG = lateral geniculate nucleus; EOG = electro- 
oculogram (eye movements). 
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Adapted from Stenade. M , Pare, D., Bouhassira, D , Deschenes. M., and 
Oakson, G. iourna/of ^^eurosdence, 1989, 9, 2215-2229 Reprrnted with 
permission, 
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Figure 8.15 


Acetykholinergk neurons (colored circles) In the 
peribrachial area of the cat, as revealed by a stain for 
choline acetyltransferase. LOT = lateral tegmental 
nucleus; PPT = pedunculopontine tegmental nucleus; 
be = brachium conjunctivum; 1C - inferior colliculus. 



Comparative Neurology, 1987,267, 15-32 Copyright 
1987 Reprinted by permission of Wiley-LIss, Inc., a 
subsidiary of John Wiley Sf Sons, Inc. 


peri brachial area {pair ee bray 
kee ut) The region around the 
brachium conjunctivum, located 
in the dorsolateral pons, contains 
acetylcholinergic neurons involved 
tn the initiation of REM sleep. 

medial pontine reticular forma¬ 
tion (MPRF) A region that con' 
tains neurons involved in the 
initiation of REM sleep; activated 
by acetylcholinergic neurons of 
the peribrachial area. 


cat ccTcbi kil cortex. Tiiey found iliat lire levels of A<^h were hi^liesi 
wakinfT and RK.M sleep and were lowest diiriiifr slow-wave 
sleep. LJsin^"i-lKi autoradiography in cals, Lydie ctal. (1991) i'oiind 
that the rale of‘glucose iiielabolisin was elevated in the regions of 
ihe brain that contain At'h-secreiing neurons or ihai receive input 
from the axons of these iicunnis. As we saw earlier in ihis cliapter* 
aceiylcholincrgic neurons play an imporiani role in cerebral activa- 
lion during alert wakefulness. T he landings I just cited suggest that 
these nenron.s are also responsifde Ibr the cerebral aciivaiion seen 
durijig RKM sleep. 

The brain contains several groups of acetylcholinergic neurons. 
The ones that play the most central rt>le in iriggering ihe onset t)r 
RKM sleep are found in the dorsolateral pons, primarilv in the /jc- 
fiutu ulapontiuf leirmetiiaf muims (PPT) and iaiero^hrsal tegmental nu- 
r/e^cs (LOT) (Jones and Beaudet, 1987). Many investigators now refer 
lo tins regain as tlie peribrachial area, because it is located in ilie re¬ 
gion of the brachium conjunctivum. Figure 8.15 contains two draw¬ 
ings through the brain stem of a cat, prepared byjoiies and Beaudei 
(1987). The locations of acetyleliolinergic cell bodies {identilled by 
a stain for choline acetvltransferase) are shown bv colored circles. As 
you can see, tfiese neurons surround the brachium conjtinctivum 
(be). (See Figure 8.15.) 

Several studies (for example. K1 Mansari, Sakai, aiui jouvel, 
1989; Sieriade et al., 1990: Kiiyama, Ohla, atul Jodo, 1992) have 
shown thai the activity nl single neurons in the peribrachial area is 
related to the sleep cycle. .Vltist of these neurons fire at a liigh rate 
during RK.M sleep or during both RKM sleep atul active wakefulness. 
Figure 8.10 shows the activity of a so-called cell, which fires 

at a higli rate only during REM sleep. .As you can see, this neuron in¬ 
creased its activity approximately 80 sec before die onset of RKM 
slee[>. The increase in the activity of die.se acetvidiolinergic cells may 
be the event that initiates a bout of RKM sleep. (See Figure 8.16.) 

Webster and jont;s (1988) made excitotoxic lesions ol the peri- 
brachial area. They found that RK.M sleep was drastically reduced. 
Tire amount of RliM sleep that remained was tlirecily related to the 
number of cholinergic neurons that were s)iare<l. 

Figure 8.17 shtiws the connections ol the acetylcholinergic neit- 
rons ol the peribi achial area with the regions iif the brain that are 
responsible fur tlic phenomena of RKM sleep. (See Figure 8.17.) 
LeKs consider each of these phenomena. If the acetylcholinergic neurons in the 
peribrachial area oi'the pons are responsible for the onset oi'REM sleep, how do ihev 
eonirol each of its components: cortical arousal, PGO waves, rapid eye movements, 
genital activity, and muscular paralysis? These neuixms send axons directly to regions 
of the thalamus that are involved in ilie control of cortical arousal In addition, they 
send axons to ghnamaiergic neurons in tlie medial pontine reticular formation 
(MPRF), a region of the pons ventral to the locus coeruleus. Neurons in the MPRF 
send axons to the acetylcholinergic netirons of the basal furebrain. Activation of 
these lorebrain neurons produces arousal and cortical desynchrony. PGO waves ap¬ 
pear to be controlled by direct cxmneciions between tlie peribrachial area and the 
lateral genictilate nucleus, the region of the thalamus that receives visual informa¬ 
tion from the eyes and passes it on to the primary visual cortex and tectum. (Sakai 
and Jouvet, 1989; Steriade, Part% Datta, Oakson, ancl Curro Dossi, 1990), The con¬ 
trol of rapid eye movements appears to be achieved by projections from the peri- 
braehial area to the tectum (Webster and Jones, 1988). 
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Figure 8.16 

Firing pattern of an acetykholtnergic REM-ON cell in the 
peribrachial area of the pons, {a) Action potentials during 60- 
minute intervals during waking, slow-wave sleep, and REM sleep, 
(b) Rate of firing just before and after the transition from slow- 
wave sleep to REM sleep. The increase In activity begins 
approj<lmate!y 80 seconds before the onset of REM sleep. 

Waking - 1 — m —i-s-^- m- 
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1 r Ml-n 
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Adapted from El Mansari, Sakai. K., and Jouvet. M. Experimental Brain 
Research, 1989, 76, S19-S29. 


Figure 8.17 

A summary of the neural circuitry that is thought to be 
responsible for the components of REM sleep. 
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1. 1 tile is known about the fiiiicticin of f^ciiiial activitv ihai oexurs during RK.M 
sict'p or about the neural mechanisms responsible for them. A study by Sehmidi ei 
al. (2000) found that excitoioxic lesions of the lateral preop lie area in rats sitp- 
pressed penile erections during RKM sleep but had no effect on erections during 
waking. Further reseat’d) will be needed to investigate possible coniieetions between 
the brain stem regions responsible for RKM sleep and the lateral preopiie area. 

The last of the RKM-related phenomena, museular paralysis, is partieulaiTy in¬ 
teresting. As we saw’ earlier, patients with RKM sleep behavir>r disorder fhil to be¬ 
come paralyzed during RKM sleep and tints aei out their dreams. The same thing 
happens—that is, assuming that cats dream—^when a lesion is placed jnsi caudal to 
tlie peribrachial area of the pons. |onvei (1972) described this plienotneiiottr 

To a tiaive observer, the cat, which is standing, Ujoks awake since it may attack uri- 
know-n enemies, play with an absent mouse, (jr display flight behavif>i; There are ori- 
ctiting movements of the head or eyes toward imaginary stijtiuli, althnugli the 
anitiial does not respond to visual or auditory stimuli. These extraordinary 
cpisfidcs ,, . arc a good aigumem that “dreaming''occurs during [RKM slee[)J in the 
cat. (|<Hivet* 1972. pp. 23(^237) 

Jouvet's lesions destroyed a set of tteitrons that are responsible for the muscular 
paralysis that occurs ditring RKM sleep. These neurons are located just ventral to the 
locus eoenileiis—in the subcoerulear region. Their axons travel caudallv t9e mag- 
iiocellular nucleus, located in the medial medulla (Sakai, 1980). Neurons in the mag- 
nocellulai nucleus send axons to the spinal cord, where they form inliibiiory 
synapses with motor neurons (Mtnaies, Boxer, and Chase, 19H7). 


magnocellular nucleus A nu¬ 
cleus in the medulla: involved in 
the muscular paralysis that ac¬ 
companies REM sleep. 
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The fiict tluLt our firains contain an elabtn aic mechanism whose sole f unctioi^ is 
lo keep ns j^aralyzefi while we dream—Uiat is, lo prevent us from acting out our 
dreams—suggests that the motor com pone t) Is t>f dreams are as iiupoiTaiit as tlie sen- 
soi y components, Perha[>s the [>ractice rnir nioitjr system gets dtirirtg RKM sleep 
lielps us in improve our periVn inance o[‘behaviors we liave learned tiiat day. The in- 
hibilitm of the motor neurons in tlte spinal prevents the movements being 

practiced from actually occurring, with the exception of a few harmless twitches <>f 
the hands and feet. 

To summarize the information presetite<l in tins stibseciion: The first event pre¬ 
ceding a [tout ol'RKM sleep appears to be aetivation of acetyieholinergic neurons in 
the peribrachial area of the fh>rsolaieral pons. T’hese neurons directly activate braiit 
stem mechanisms that are responsible for rapid eye movements and tiagger PC.O 
wa\'es throngh their cxnmeciionswitli the lateral geniculate micleus ul the thalainus. 
Tliey also activate neurons in Lite snbcoei iilear area that, tlirough iheir connections 
with the nucleus magnocelhilaris of the medulla, produce muscular ]>aralvsis. Pre¬ 
sumably, they also activate neuntns in the lateral preoptic area that are res)>onsible 
for penile erections (and perhaps vaginal secreti(»ns in females). Finally, these neu¬ 
rons cause cortical activation through connections with the thalamus, medial pon¬ 
tine reticular [brmation, and acetyk holinergic neuixnis of the basal forebrain, (See 
Figure 8J7.) 


Figure 8.18 


Interactions between serotonergic, noradrenergic, and 
acetyieholinergic neurons in the control of REM sleep. 
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Inhibitory Effects of Serotonin and Norepinephrine 

As wc saw earliei‘ (in Figures 8.8 and 8.10), the rate of activity in the noradi en- 
cM gic neurons (jf the Ittctis coernlens and the sci oionei gic neurons of the raphe nu¬ 
clei are at low levels dtn ing sleep and at their very lowest levels during RFM sleep. 
Kvidence suggests that the activity of neurons in the locus coeniknis and the dorsal 
raphe ntieleus normally inlnbits RFM sleep and that a reduction in the rate of firing 
of the^se neurons may be the event that triggers a bout of RFM sleep. Acetylcholin- 
ergic neurons in the peribraclnal area receive both sertnonergic and noradrenergic 
inputs (Ht Jiida and Semba, 1994; Leonard et al., 1995), and inlusion of inlnbitors of 
iKtrepinephriiie or serotonin into llie pons causes an increase in RFM sleep (Bier 
and .Mc(-arley, 1994; PcJi tas et al., I99b). 

Several unanswered questions await further researc h. As we saw in an earlier sec¬ 
tion, iieui tms in the sleep-promoting region of the \ LPA inhibit tire wakefulness^ 
promoting r egions of the forebrain and pons, which explains why the activity of 

noradrenergic and serotonergic neurons decreases cim- 
ing sleej). But wltai is res[>on.sible for the further inhihk 
lion of these neurons during RFM sleep? Is there an 
excitatory input io the peribrachial area as well as ihe in¬ 
hibitory ones whose activity fifomseMi] the begijintng of 
RFM sleep? \Miere is the pacemaker that controls the reg¬ 
ular cycles ol' RF’M and slow-wave sleep, and bow is this 
pacemaker connected to the RFM sleeji m eel i an isms in 
the [ions? (See Figi4re 8.18,} 
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Physiological Mechanisms 
of Sleep and Waking 

The fact that the amount of sleep Is regulated suggests that 
sleep-promoting substances (produced during wakefulness) or 
wakefulness-promoting substances (produced during sleep) 






may exist. The sleeping pattern of the dolphin brain suggests that such substances do not 
accumulate in the blood. Evidence suggests that adenosine, released when neurons are 
obliged to utilize the supply of glycogen stored in astrocytes, serves as the link between in¬ 
creased brain metabolism and the necessity of sleep. 

Five systems of neurons appear to be important for alert, active wakefulness: the acetyl- 
cholinergic system of the peribrachial area of the pons and the basal forebrain, the nora¬ 
drenergic system of the locus coeruleus, the serotonergic system of the raphe nuclei, the 
histaminergic neurons of the tuberomammillary nucleus, and the hypocretinergic system of 
the lateral hypothalamus. 

Slow-wave sleep occurs when neurons in the ventrolateral preoptic area (VLPA) become 
active. These neurons inhibit the histaminergic neurons of the tuberomammillary nucleus, 
the noradrenergic neurons of the locus coeruleus, and the serotonergic neurons of the raphe 
nuclei. In turn, the VLPA is inhibited by the wakefulness-promoting regions of the brain, 
forming a kind of fiip-flop that keeps us either awake or asleep. The accumulation of adeno¬ 
sine may also promote sleep by inhibiting the acetykholinergic neurons in the basal fore- 
brain and activating the neurons of the VLPA. Activity of the hypocretinergic neurons of the 
lateral hypothalamus may keep the flip-flop that controls sleep and waking in the "on" 
state, thus maintaining wakefulness. Evidence suggests that adenosine also has an inhibitory 
effect on hypocretinergic neurons, 

REM sleep occurs when the activity of acetykholinergic neurons in the peribrachial area 
increases. These neurons initiate PGO waves and cortical arousal through their connections 
with the thalamus, and they activate neurons In the MPRF that in turn activate the acetyl- 
cholinergrc neurons of the basal forebrain. The peribrachial neurons also produce rapid eye 
movements through their connections with motor neurons in the tectum. Penile erections 
during REM sleep (but not during waking) are abolished by lesions of the lateral preoptic 
area. The muscular paralysis that prevents our acting out our dreams is produced by a group 
of acetykholinergic neurons located in the subcoerulear nucleus that activate other neurons 
located in the magnocelluiar nucleus of the medulla, which in turn produce inhibition of mo¬ 
tor neurons in the spinal cord. 

The noradrenergic neurons of the Jocus coeruleus and the serotonergic neurons of the 
raphe nuclei have Inhibitory effects on pontine neurons responsible for REM sleep. Bouts of 
REM sleep begin only after the activity of the noradrenergic and serotonergic neurons 
ceases; whether this event is the only one to trigger REM sleep or whether direct excitation 
of acetykholinergic neurons also occurs is not yet known. 

THOUGHT QUESTION 

Have you ever been lying in bed, almost asleep, when you suddenly thought of something 
important you had forgotten to do? Did you then suddenly become fully awake and 
alert? If so, neurons in your reticular formation undoubtedly became active, which 
aroused your cerebral cortex. What do you think the source of this activation was? What 
activated your reticular formation? How would you go about answering this question? 
What research methods described in Chapter 5 would be helpful? 


i 


Biological Clocks 


MikIi otOur [>cliavior follows rcj^iiUii’ rlivllinis. For example, wc saw that (he .stages 
oi sleep are organized around a 90-miiuue cycle of RKM and slow-wave .sleep. 'Hie 
same rhythm coiuinnes during die day as the basic resL-activit\ cycle. And, com se, 
our dally jjaUeni ol sleep anti waking follows a 24-honr cycle. Finally, many animals 
display seasonal breeding rhyilnns in which reproductive behaviors and hormone 
levels shtnv vearlv fhicLuations. In recent veais investigators have learned mnch abtnii 
ihe neui al mechanisms dial arc resjjonsible for tfiese i hvihms. 
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circadian rhythm {suf kay dee 
un or sur ka dee un) A daily 
rhythmical change in behavior or 
physiotogical process, 

zeitgeber {tsite gay ber) A stim¬ 
ulus (usually the light of dawn) 
that resets the biological clock 
that is responsible for circadian 
rhythms. 

suprachiasmatk nucleus (SON) 

(soo pra ky az mat tk) A nucleus 
situated atop the optic chiasm. It 
contains a biological clock that is 
responsible for organizing many 
of the body's circadian rhythms. 

melanopsin (me// a nop sin) A 
pholopigment present in ganglion 
cells in the retina whose axons 
transmit information to the SCN, 
the thalamus, and the olivary 
pretectal nuclei. 


Circadian Rhythms and Zeitgebers 

Daily rhvihins in bchavicjr aiui physioloj^ical [^rcHcsses are Ibniul tfncnighoui ilie 
plant and animal world. These cycles are generally called circadian rhythms* {(Jrra 
means *'abunu" and c//V.v means “clay”; iberehn e, a circadian rhythm is tme ilrai varies 
on a cycle ol’approximately 24 honrs.) Some uIThese rhythms are pas,sive le.sponses 
to changes in iUnminadon. However, other i hylhnis are coniiolled bv mechanisms 
within the organism^—hv ""internal clocks/ Forexam[}k% il a rai is honsecl in a room 
where lights are on for 12 honrs eacli day, its circadian rhvthm will iollow the cycle 
oi illuminatitjn: The animal will slee[> when the light is on and become active when 
the room is dark. IT the lights are mnv tin ned on (or oil) all day, the animal will con¬ 
tinue to show rlivihms of .sleep and wakefulness. In the absence of external suiimli, 
the 1 liyihm nnist he provided by some son of internal clock. In fact, the liUei nal 
clock lends to run a little slow', llie cvcle of the internal clock of most mammals 
tends to he approximately 25 hours. 

In tile natural environinenu where day and night are defined by the rising and 
setting (d the snn, the internal clock is reset each day so that the cycles take 24 hours. 
Liglu serves as a zekgeber (CGerman lor '"lime giver”); il svnchroni/es the endoge¬ 
nous rhythm. Studies w ith many .species of animals have show n that if they are main¬ 
tained in constant darkness (or constant dim light), a brief period of hriglit light will 
reset their internal clock, advancing or retarding iu depending upon w hen the light 
Hash occurs (Aschoff, 1979). Voi example, il an animal is exposed to bright light 
sunn after dusk, tlie Inological clock is .set back to an earlier time-—as ifdnsk hud not 
yet arrived. On the other hand, if die light occurs late at night, the hhxlogical clock 
is set ahead U> a later lime—as if daw n harl already come. 

Peojjle, too, have circadian rhydims, but vvilliotu the henejlts of modern civi- 
li/.alion we would prohalily go lo sleep earlier and get np earlier than w'e do; w'e use 
artificial lights to delay our bedtime and w indcAv shades to extend our lime for sleep. 
Under con slant ilhmiination nnr bioltigical clocks will run free, gaining or losing 
time like a w'atch that runs too slow or too fast. Diffei ent people have dif'fereiu cycle 
lengths, hui most people in that sitnaUon will begin to live a “day” tlial is approxi¬ 
mately 25 lionr.s long. This works out quite well, because the morning light, acting 
as a zeitgeber, simply resets the clock. 


The Suprachiasmatic Nucleus 

Researchers working independeniiy in two laboratories (Moore and Eicliler, 1972; 
Stephan and Zncker, 1972) discovered that the primarv biological clock of die rat is 
located in the suprachiasmatic nucleiLs (SCN) of the hvpothalamus: ihev found that 
lesions disrupted circadian rhvthms of w heel running, drinking, and hormonal se- 
creiion. The S( A' also provides the primary control over the liming of sleep cycles. 
Rats are nocturnal animals; they sleep during the day and forage and feed at niglil. 
Lesions <jf the ,SCN abolish this pattern; sleep occurs in bouts randomly dispersed 
liirf)Ugliont both day and night (Ibtikaand K;nvamura, 1975; Stephan and Nunc/, 
1977). However, rats with SUN lesnnis still <ibiain the same amount ofslecp iliat nor¬ 
mal animals tlo. Tlie lesions disrupt die circadian [jattern bin di) not affect the total 
amount ofslecp. 


Anatomy and Connections 

figure 8.19 shows the snpi achiasmatic nuclei in a cross section through die !iy- 
pothalamus of a rat; tliev appear as tw o clusters of dark-staining neuixnis at the base 
of the brain, just above the optic chia.sm. (See Figure 8J 9*) The suprachiasmatic nu¬ 
clei of the rat consist of approximately lO,d(H) small neurons, lighdy packed into a 
volume of between 9.1 and O.S nine' (Meijer and Rietvehl, 1989). Lhe dendrites of 
these neurons form synapses with one anotlier—a ]>henomeiion that is Jduiid only 
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Figure 8.19 


in this part ol ilie hvpoihalamus and tliai proliably rtdalos 
In ilu‘ spt-cial iunction of‘ these nuclei. A group of neu¬ 
rons is [ound clustered an>tnid tlie capillaries that serve 
the S(1N\ which suggests that they niav be neurosecreioi y 
cells ((^ard* Riley, and Moore, 198(1; Moore, ('ard, and Ri- 
Icv, 1980). Thus, some ol die conirol tliat the SCIN exerts 

ri' 

over other parts of the brain may be aecoiuplished by the 
secretion of neurfjmodulators. 

Because light is the primarv /.eiigeber for most Jiiam- 
mals' activity cvcles, we would expect that the S(]N re¬ 
ceives ilbers from the visual system. Indeed, anatomical 
stttdies have revealed a direct pngeciion of libers from 
the retina to the S(-N: the fet'inohxpo^hfdamir paifnmy' 

(Mendricksoii, Wagoiien and C-owaii* 1972: Aronson et 
al., 1998), Pulses of liglil that reset an auimars eiicadian 
rhythm n igger die production of Fos piotein in the STN, 
whicii indicates that die light initiates a period oi iieuial 
activiiv in this nucleus (Rusaket al., 1990, 1992). (The sig¬ 
nificance of the Fos protein as an indicator of neural ac¬ 
tivation was discussed in Chapter 5.) If you look carefully 
at Figure 8J9, you can see small dark s[>ots whliiii the op¬ 
tic chiasm, just veiiti al atid medial to the base of the SCN; 

these are cell bodies of oligodendroglia that serve axons that enter the SCA- and 
provide inibrmalttm iVom the retina. (See Figure 8J9.) 

The photoreceptors in the retina dial provide photic information to the .SC A 
are neither rods nor cones—the cells that provide us wiili the information used for 
visual jDcrceplion. Indeed, Freedman el ak (1999) found that targeted mntaiioiis 
against genes necessarv for prodnciion of both rods and 
cones did m>t disrupt the synclvi oni/ing effects <}f light. 

However, when thev removed die mice's eves, diese ei- 
iecis lecrcdisrnptefl. lliese Jesuits suggest that theie is a 
special photoreceptoi that is rcsponsii>le f or synch ro¬ 
il l/aiioii of diurnal rhythms, Provencio et al, (2000) found 
tlie photochemical lesponsifile for these effects, which 
they named melanopsin. 

I hi like lilt" otlier retinal plioiopigments, which are 
found in rods and cones, mclanopsin is present in ganglion 
cells—die neiinms who.se axons transmit information Ironi 
the eyes to the rest ol the brain. Melanopsin-containing 
ganglion cells ai’e sensitive to light, and their axons lermi- 
nate in the SCA' and in a region tjf die tectum involved in 
the response of tlie pupils to light (Berson, Dunn, and 
Takao, 2002; I lattar et ak, 2002). (See Fi^ire S^2(K) 

I low does the S(]1N conti ol firinking, eating, sleep cy¬ 
cles, and hormone secretion? Althotigh neurons of the 
SCA project to sevei'al parts ol'die brain, transplantation 
studies suggest that the SCA' controls some functions bv 
releasing chemical signals, Lehman et af. (1987) de¬ 
stroyed the SC A aiKi then liansplanted in tlietr place a 
new set of supraelnasmaLic nuclei obtained from donor 
animals. The grails sncceedefl in reestablishing circadian 
rhythms, even tliougli very few efferent connections were 
observed between the graft aiul the reci[>ient's brain. 

Kven more convincing evidence comes from a transplan¬ 
tation study hv Silver et ak (1996). Silver and her col- 
leagues first destroyed the SCA^ in a group of hamsters. 


A cross section through a rat brain, showing the location and 
appearance of the suprachiasmatk nuclei. Cresyl violet stain. 


Courtesy of Geen DeVries, University of Massachusetts. 


Figure 8.20 


Melanopsin-containing ganglion cells in the retina whose axons 
form the retinohypothalamic tcact. These neurons detect the light 
of dawn that resets the biological clock in the SCN. 


From Hattar, S., Liao* H.-W., Takao, M,* Berson, D M., and Yau, K.-W. 
Soence* 2002, 295, 1065-1070. Copyright 2002 Amencan Association for 
the Advancement of Science Reprinted with permission 
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Figure 8.21 


Autoradiographs of cross sections through the brains of rats that 
had been Injected with carbon 14-!abeled 2-deoxyg!ucose during 
the day {left) and the night (right). The dark region at the base of 
the brain (arrows) indicates increased metabolic activity of the 
suprachiasmatlc nuclei. 



From Schwartz. W, 1,, and Gamer. H 5aence, 1977, 197, 1089^1091. 
Copyright 1977 American Association for the Advancement of Science. 
Reprinted with permission. 


Figure 8.22 


Firing rate of individual SCN neurons in a tissue 
culture. Color bars have been added to emphasize 
the daily peaks. Note that although each neuron 
has a period of approximately 1 day, the neurons' 
activity cycles are not synchronized. 
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aholisliiiig iheir circadiiiii rhyiIntis. I hen, a Tew weeks 
later, lhe\ j enHWed SCIN tissue from donor aiiinials luid 

d 

placed it in very small sendpeiiiieahle capsules, which 
liiey litcn huplanted in the aiiinulls’ ihiicl veinricles. Nu- 
u ieiits and other elieinicals could pass ihrongh the walls 
i>[ the capsules, kee[>ing the SCK tissue alive, bui die neu¬ 
rons inside die ca[>sules were not alile to estabhsli synap¬ 
tic connections wit fi die snrronnding tissue. Neverllieless, 
die transplants reeslai)lished circadian riiytbmsin die re¬ 
cipient aininals. 

The Nature of the Clock 

.Ml clocks must liave a lime base. Meelianical clocks 
use tlywlieels or pendulums; eleeiroiiie clocks use quart/ 
crystals. The S(^N, loo, must contain a f)hvsiological 
meclianisin dial parses tiiiK* into units. Alter years of re- 
searc ii, investigators are finaHy beginning to discover the 
nainre of the biological clock in tlie SCIN. 

Sevei al sindies have demonstrated dailv activiiv rln dims in the S(1N, 

d d' P 

wliicli indicates that the circadian clcick is located there. A stiidv bv 
Schw'ari/ and Ckiiner (1977) nicely demonsiraied day-night 11 urnlaiions 
in ihe activity of the SCIX. These investigators injected rats with radioac^ 
tive 2-deoxygliicose (2-l)(»). 

Schwari/ and ( vainer injected some rais widi rarlioactive 2-l)C» dnring 
the day and injected others ai night, I'fie animals vvere tlien killed, and 
aiiloradiograplis olTross .sections dirough ihe brain were prepared. Fig¬ 
ure 8.21 shows photographs ofdwo a\ these cross sections. Note the evh 
dence of radioactivity (atifl hence a liigh metabolic rate) in the S(1N of 
the brain that was injected during lire day (/c//). (See Figure 8.2L) 

Tire ‘licking’’oi the bitilogical clock wiiliin the S(1N could involve in¬ 
teractions ol cii eiiils of neurons, or it could be inirin.sic to individual iien- 
rons themselves, Evitlenee suggests tlie latter-—that each neuron coniains 
a clock. Several studies have succeeded in kt‘eping individual S(1N neu¬ 
rons ahve in a culture mediinn. For exam[}le, Welsh el al. (1995) re¬ 
moved tissue from the rat S(>N and dissolved the connections henveen 
the cells with papain, an en/yrnc someiimes used as a meat tenderi/.er. 
Tlie cells were placed on tc^p of an ai ray of iiiicroelectrodeH so that their 
electrical activity could be measuted. Altbouglr tliese neurons did re-es¬ 
tablish synaptic connections with each oilier, lliey displayed individual, 
independeni, circadian rhyihnis in aclivily. Figure 8.22 sfiinvs the activity 
e%cles of four neurons. As vtni can see, all showed circadian liivthins, but 

d / p 

tlieir periods of peak aelivily f iceiirretl at dilf erent titnes td tiay. (See Fig¬ 
ure 8.22.) 

What causes S(’N neurons to "tick”? For manv vears investigators 
have believed that circadian rhvilims were jiroduced by the prrjdtiction 
ol a [>RHein that, w-ben it l eacbed a certain level in the cell, inhibited its 
own production. As a result, the levels tif the pioieiii would begin to fle- 
cline, which would renuive the inhil>iiion, stal ling the [>roduciion cycle 
again, (See Figure 8.2.3.) 

Just such a median ism wtis <hscovered in Dimopltlh melanogastet; the 
common fi iiil lly, Snbsec|ueul l eseardi witli mammals di.scuvered a sim¬ 
ilar system (Sliearnran et ah, 2(K10; Reppert and Wea\er, 2001). The sys- 
leni involves at least seven genes and their jDi’oieins and tw'o interlocking 
feedl>ack loops. When one of the pr<ueins produced by the llrsi loop 
leaches a siifheient level, it starts the second ItKip, which eventually in- 




























Biological Clocks 


liibits iht‘ productioTi of proLt-ins in lUv first loop, and dit' cyclt- begins again, 'Hius. 
ilie iniracellular ticking is regulated by the time it takes u> produce and degrade a 
set of proteins. 


Control of Seasonal Rhythms: The Pineal Gland 
and Melatonin 


Alihongli the SC\ has an intrinsic rhythm orajiproxirnately 24 hours, it plays a role 
in much longer rliythms. {W-e could say that it is involved in a blt>iugical calendar as 
well as a biological clock,) Male hamsters show annual rhythms oi testosterone se¬ 
cretion, which appear to be liased on the amount of light that occurs each day. Tlveir 
breeding season begins as the day length increases and ends when it decreases. Le¬ 
sions of the SCK abolisli these annual breeding cvcles; the animals' testes then .se¬ 
crete testosterone all year (Rusak and Morin, 197b), Ptissihly. the lesions disrupt 
these annual cvcles because thev destrov the 24-hour clock against which the dailv 
light period is measured to determine ihe season. That Is, li die liglu perit>d Is con- 
siderahly shorter than 12 litnirs, the season is winter; ifit is considerably longer than 
12 hours, the season issimnnen 

Tlie control of seasonal rhythms involves anotlier part ol’tlie brain: the pineal 
gland (Bartiiess et ak, 1993; Moore, 1995). This structure sits on loj:) of die midhrain, 
just in front of the cerebelhim. (See Figure 8.24.) The pineal glatid secretes a hor¬ 
mone called melatonin, so named because it has the ability in certain animals (pri¬ 
marily fish, reptiles, and amphibians) to turn tlie skin tempcjrarily dark. ( I’lie dark 


pineal gland ipy nee uf) A gland 
attached to the dorsal tectum; 
produces melatonin and plays a 
role in circadian and seasonal 
rhythms, 

melatonin (me// a tone in) A 
hormone secreted during the 
night by the pineal body; plays a 
role in circadian and seasonal 
rhythms. 


Figure 8.23 

A schematic, simplified explanation of the molecular control of the 
"ticking** of neurons of the SCN, 


Figure 8.24 

The pineal gland, located on the dorsal surface of the 
midbrain. 


The protein enters the nucleus, 
suppressing the gene 
responsible for its production. 

No more messenger RNA is made. 


The level of the protein 
falls, so the gene 
becomes active again. 


Protein 







Cerebral Corpus Pineal Superior 

cortex callosum gland colliculus Cerebellum 



Adapted from Paxinos, G,, and Watson. C. The Rat Brain in 
Stereotaxic Coordinates, Sydney: Academic Press, 1932, Redrawn 
with permission. 


The gene is active; messenger 
RNA leaves the nucleus and 
causes the production of the protein. 
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color h prociuceci Ijy alchemical known as mf'laniti.) In mammals melatonin controls 
seasonal rliyllims. Neurons in tlie S(^N make synaptic connections with neurons in 
tile f}{nav('fitnriiiar ttiideits offhrhypffihaiamtiS (tlie P\'N). The axons of these neurons 
travel all tlic way to the spinal cortk where they foi in synapses with preganglionic 
neurons of the sympathetic nervous system. The posigangiionic neurons innervate 
the pineal gland and control the secretion of melatonin. 

In respotise to input from the SC1\\ the pineal gland secretes melatonin during 
liie night. Tliis melatonin acts back on various strncLiu es in the brain (including the 
SCK, whose cells contain melatonin receptors) and controls hormones, phvsiologi- 
cal processes, and behaviors iliai show seasOEial variations. During long nights a large 
amount of melatonin is secreted, and the animals go into the winter phase of their 
cycle. Lesions of the SCN, the pa raven trie uiar nucleus (PV'X), or the pineal giatid 
disrupt seasonal rhythms that are conti olled by day length—and so do kinlV cuts that 
interrufjt the neural cunnectiuii between the SC\ and the PVN, which indicates 
that this is otie function of the ST.X that is mediated ihrougli its neural connections 
with another structure. Furthermore, although transplants of fetal suprachiasmaitc 
nuclei will restore circadian rhythms, they will nut restore seasonal rhvthms, hecause 
tile naiisplanted tissue does noi establish neural connections with the PVS (Ralph 
and Lelmian, 1991). 



Researchers 
nucleus and 


are beginning 
the pineal gla 


Changes in Circadian Rhythms: 

Shift Work and Jet Lag 

W hen jjeople abruptly change tlieir daily rhyihms ofaciiviiy, their internal circadian 
rhvthins, cotilrolled bv die SC"N\ become desvnchroin/ed with those in the external 
environment. For example, if a person wlio normally works on tlic day shift begins 
working on a night shif t or if someone travels east or west across several time zones, 
his or liei SC"N will signal (he rest of the brain that it is time to sleep during the work 
shift (or the middle oi‘the day, in tlie case of jet travel). This disparit)' benveen in¬ 
ternal rhyihms and the external environment results in sleep disturbances and mood 
changes and interferes with people's ability to function during waking hours. 

Jet lag is a temporary phenomenon; after several days, people who have crossed 
several lime /ones lind it easier to fall asleep at the appropriate lime, and their 
daytime alertness improves. Shiftwork can present a more enduring problem when 

people are required to change shifts frequently. 
(Clearly, the solution tt> jet lag and to the problems 
caused by shift work is to get the internal clock svm 
ch ionized with the external environ mem as quicklv 
as possible. Tlie most obvious wav to start is to try lo 
provide strong zeitgebei s at the appropriate time. If 
a person is exposed to bright light before liie low 
point in the dally rhythm of body temperature 
(vvliicli occurs an hour or two before the person 
usually aw’akens), the person's circadian rhythm is 
delayed. If the exposure to bright light occurs after 
die lo\v point, the circadian rlivtlim is advanced 
(Dijk el al., 1995). In fact, several studies have shown 
that exposure to bright lights at the appropriate 
time helps to ease the transition (Boulos et al., 
1995). Honpi, Boulos, and Moore-Edc (1996) liave 
even developed a computer program that helps to 
determine the optimal pattern of light exposure to 
minimize the effects of Jet travel betw'een various 
parts of the world. Similarly, people adapt to shift 


to understand the role of the suprachiasmatic 
nd in phenomena such as jet lag. 















work more rapidly if artificial light is kept at a brigliter level and if ilieir iiedrnoni is 
kept as dark as possil>le (Kastman et ak. 1995), 

As wc saw in the previous subsection, the role of inelaionin in seasonal rhvthms 
is well establishetl. Sttidies hi recent years suggest that melatonin may also be in¬ 
volved in circadian rliyihms. As we saw, melatonin is secreted during the night, 
wliich, tbi‘ dinrnal mammals such as ourselves, is ilie period during which we sleep. 
Bin ahliough onr species lacks strong seasonal rliythms, the dally rhythm of mela¬ 
tonin secretion persists, Tims, melatonin must have some rimciions besides regula¬ 
tion of seasonal rhythms. 

Recent studies have found that melatonin, acting on receptors in the S(1N, can af¬ 
fect the sensitivity of SC^N nenrons \a /.eitgebers and can itself alter circadian rhythms 
(Gillette and Me.Ajlhur, 1995: Starkey et ak, 1995), Researchers do not yet niulerstand 
exactly what role melatonin plavs in the control ofcircadian rhvthms, hut thev haveal- 
ready discovered practical applications. Melatonin secretion normally reaches its high¬ 
est levels early in the night, at around bedtime. Investigators liave loniid that the 
administration of melatonin at the apjjropriate lime (in most cases, just before going 
to bed) significantly reduces the adverse effects of both jet lag and shifks in work sched¬ 
ules (jAiendl et ak, 1995; Deacon and Arendt, 1996), Bedtime melatonin has even 
helped to synchronize circadian rlivthms and improve the sleep of l^lind people for 
whom light cannot serve as a zeilgeher (Skene, Lockley, and Arendt, 1999). 


INTERIM SUMMARY 


Biological Clocks 

Our daily lives are charaaerized by cycles in physical activity, sleep, body temperature, secre¬ 
tion of hormones, and many other physiological changes. Circadian rhythms—those with a pe¬ 
riod of approximately one day—are controlled by biological clocks in the brain. The principal 
biological clock appears to be located in the suprachiasmatic nuclei of the hypothalamus; le¬ 
sions of these nuclei disrupt most circadian rhythms, and the activity of neurons located there 
correlates with the day-night cycle. Light, detected by special cells in the retina that are not in¬ 
volved in visual perception, serves as a zeitgeber for most circadian rhythms. That is, the bio¬ 
logical clocks tend to run a bit slow, with a period of approximately 25 hours. The presence of 
sunlight in the morning is detected by melanopsin-containing photoreceptors in the retina and 
conveyed to the SCN. The effect of the light is to reset the clock to the start of a new cycle. 

Individual neurons, rather than circuits of neurons, are responsible for the "ticking." 
Studies with tissue cultures suggest that synchronization of the firing patterns of individual 
neurons is accomplished by means of chemical communication between cells. "Ticking" is ac¬ 
complished by cycles of production and destruction of proteins. At least seven genes and 
their proteins and two interlocking feedback loops are involved in this process. A human ge¬ 
netic disorder, familial advanced sleep phase syndrome, is caused by a mutation of one of 
the genes responsible for circadian rhythms. 

The SCN and the pineal gland control seasonal rhythms. During the night the SCN sig¬ 
nals the pineal gland to secrete melatonin. Prolonged melatonin secretion, which occurs 
during winter, causes the animals to enter the winter phase of their annual cycle. Melatonin 
also appears to be involved in synchronizing circadian rhythms: The hormone can help peo¬ 
ple to adjust to the effects of shift work or jet lag and even synchronize the daily rhythms 
of blind people for whom light cannot serve as a zeitgeber. 

THOUGHT QUESTION 

Until recently (in terms of the evolution of our species), our ancestors tended to go to sleep 
when the sun set and wake up when it rose. Once our ancestors learned how to control 
fire, they undoubtedly stayed up somewhat later, sitting In front of a fire. But it was only 
with the development of cheap, effective lighting that many members of our species 




CHAPTER 8; Sleep and Biologscal Rhythms 


www.dbtongman.conn/carlsort6e 


adopted the habit of staying up late and waking several hours after sunrise. Considering 
that our biological clock and the neural mechanisms it controls evolved long ago, do you 
think the changes In our daily rhythms impair any of our physical and intellectual abilities? 


EPILOGUE 


Functions of Dreams 


Even though we are still not sure why 
REM sleep cKcurs, the elaborate neural 
circuitry involved with Its control indi¬ 
cates that it must be important Nature 
would probably not Invent this circuitry if 
it did not do something useful. Michael's 
attacks of sleep paralysis, hypnagogic 
hallucinations, and cataplexy described 
in the chapter prologue, occurred when 
two of the aspects of REM sleep (paralysis 
and dreaming) occurred at inappropriate 
times. Normally the brain mechanisms 
responsible for these phenomena are In* 
hibited during waking; perhaps this Inhi¬ 
bition is too weak in Michael's case. 

As we saw, researchers have pro¬ 
posed four categories of hypothetical 
explar^ations for REM sleep: vigilance, 
learning, species-typical reprogramming, 
and brain development. Each of these 
explanations has some support, and 
REM sleep possibly performs more than 
one function. But what about the sub¬ 
jective aspect of REM sleep dreaming? Is 
there some special purpose served by 
those vivid, storylike hallucinations we 
have while we sleep, or are dreams just 
irrelevant side effects of more important 
things going on in the brain? 

Since ancient times, people have re¬ 
garded dreams as important, using 
them to prophesy the future, decide 
whether to go to war, or determine the 
guilt or innocence of a person accused 
of a crime. In the twentieth century Sig¬ 
mund Freud proposed a very influential 
theory about dreaming. He said that 


dreams arise out of inner conflicts be¬ 
tween unconscious desires (primarily 
sexual ones) and prohibitions against 
acting out these desires, which we learn 
from society According to Freud, al¬ 
though all dreams represent unfulfilled 
wishes, their contents are disguised. The 
latent content of the dream {from the 
Latin word for "hidden") is transformed 
into the manifest content (the actual 
story line or plot). Taken at face value, 
the manifest content is innocuous, but a 
knowledgeable psychoanalyst can reC' 
ognize unconscious desires disguised as 
symbols in the dream. For example, 
climbing a set of stairs might represent 
sexual intercourse. The problem with 
Freud's theory is that it is not disprov- 
able; even if it is wrong, a psychoanalyst 
can always provide a plausible interpre¬ 
tation of a dream that reveals hidden 
conflicts, disguised in obscure symbols. 

Many sleep researchers—especially 
those who are interested in the biologi¬ 
cal aspects of dreaming—disagree with 
Freud and suggest alternative explana¬ 
tions, For example, Hobson (1988) sug¬ 
gests that the brain activation that oc¬ 
curs during REM sleep leads to 
hallucinations that we try to make sense 
of by creating a more or less plausible 
story. As you learned in this chapter, 

REM sleep occurs when a circuit of 
acetyicholinergic neurons in the peri- 
brachial region becomes active, stimu¬ 
lating rapid eye movements and cortical 
arousal. The visual system is especially 


active. So ts the motor system—in fact, 
we have a mechanism that paralyzes 
and prevents the activity of the motor 
system from causing us to get out of 
bed and doing something that might 
harm us. {As we saw, people who suffer 
from REM without atonia actually do act 
out their dreams and sometimes injure 
themselves. On occasion they have even 
attacked their spouses while dreaming 
that they were fighting with someone.) 

Research indicates that the two sys¬ 
tems of the brain that are most active, 
the visual system and the motor system, 
account for most of the sensations that 
occur during dreams. Many dreams are 
silent, but almost all are full of visual im¬ 
ages. In addition, many dreams contains 
sensations of movements, which are 
probably caused by feedback from the 
activity of the motor system. Very few 
dreamers report tactile sensations, 
smells, or tastes. Hobson, a wine lover, 
reported that although he has drunk 
wine in his dreams, he has never experi¬ 
enced any taste or smell. (He reported 
this fact rather wistfully; I suspect that 
he would have appreciated the opportu¬ 
nity to taste a fine wine without having 
to open one of his own bottles.) Why are 
these sensations absent? Is it because our 
"hidden desires" involve only sight and 
movement, or is It because the neural ac¬ 
tivation that occurs during REM sleep 
simply does not involve other systems to 
a very great extent? Hobson suggests 
the latter, and I agree with him. 


KEY CONCEPTS 


A PHYSIOLOGICAL AND BEHAVIORAL 
DESCRIPTION OF SLEEP 

1. Sleep consists ol slow-wave sltrep, divirlecl into four 
•stage.s, and REM sleep. Dreaming occurs during REM 
sleep. 


DISORDERS OF SLEEP 

People soineiimes sidTer from such sleep disorders as 
insoiiiiiia, sleejj apnea, narcolepsy, REM witliout a Io¬ 
nia, bed-wetting, sleepwalking, or niglii terrois. 
Three symptonrs of narcolef^sy (cataplexy, sleep 






Suggested Web Sites 


paralysis, and hvpiiagtigic lialhicinaut)ns) can he un- 
dersioofi as cornpoiicnis nj RKM sleep occurat 
inappropriate times. Nareolej^sy is caused by a liered- 
iiary flisorder tliai causes the degeneration of 
hvpocieun-secreiing iieiirous dining adolescence. 


WHY DO WE SLEEP? 

3, Slow-wave sleep appears to permit the cerebral cortex 
to rest. REM sleep may be imporiam in brain devel¬ 
opment, and it appears io be somehow involved in 
learning. 


PHYSIOLOGICAL MECHANISMS OF SLEEP AND 
WAKING 

4, Adenosine, a neuroniodnlaior that is prodticeri as a 
bv-prodnci of cei ebral metabolism, may play a role in 
initiating .sleep. 

3. The brain stem contains an arousal mechanism witli 
five major compf^nenis: the aceulcholinergie system 
of the dorsolateral pons and ba.sal forebrain, the no¬ 
radrenergic systein originating in the locus coernlens, 
the sei'otoneigic system originating in the raphe nu¬ 
clei, the histanhiicrgie system oiiginating in the 
niberomaimnillary nucleus oftlie hypothalamus, and 


the hvpocretinergic systein originating in llie lateral 
livpotlialamns. The vcntrulateral preopiic area 
(V’LPA) appears to lx* necessary for sleep: its neurons 
inhibit tile brain regions responsifde for arousal. 

6, llypocrctitiergic neurons help stabilize the sleep/ 
waking "nip-llop,'* wliich ctnislsts of recipiocal in¬ 
hibitory eonnections between the VLPA and the re¬ 
gions involved in arousak 

7. REM sleef:> is produced by the activity of acetyl- 
clH)linergic neurons in the dorsolateral pons, wliich 
are normallv inhibited by both noradrenergic and 
serotonergic synapses. The circuit responsible for the 
muscular jiaralysis that accompanies REM sleep Itas 
been located, and damage to it is responsible for 
REM without atonia. 


BIOLOGICAL CLOCKS 

8. (.'iread!an ihythms are largely under ilie control of a 
mecIran ism located in the supracbiasmaiie nueletis* 
I bey are svnchroih/ed by the day—night light cycle, 
which is detected by newly discovered photoreceptors 
in the retina. The ticking of the internal clock re*- 
sptmsible (or these i by thins apj^ears to involve the 
production and degradation of a protein. 
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tains a series of fact sheets anrl education maiei ials ori sleep 
and sleep disor<lers. 
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LEARNING OBJECTIVES 


4 


1 , Describe mammaitan sexual development and explain the factors that control it 

2 . Describe the hormonal control of the female reproductive cycle and of male and 
female sexual behavior. 

3 < Describe the roie of pheromones in reproductive physiology and sexual behavior. 

4 . Discuss the activational effects of gonadal hormones on the sexual behavior of 
women and men. 

5. Discuss sexual orientation, the prenatal androgenization of genetic females, and 
the failure of androgenization of genetic males. 

6. Discuss the neural control of male sexual behavior. 

7 . Discuss the neural control of female sexual behavior, 

8. Describe the maternal behavior of rodents and explain its significance. 

9- Explain the hormonal and neural mechanisms that control maternal behavior and 
the neural control of paternal behavior. 
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PROLOGUE 


From Boy to Girl 


The aftermath of a tragic surgical acci* 
dent suggested that people's sexual 
identity and sexual orientation were not 
under the strong control of biological 
factors and that these characteristics 
could be shaped by the way a child was 
raised (Money and Ehrhardt, 1972). 
Identical twin boys were raised normally 
until seven months of age, at which 
time one of the boys' penis was acciden¬ 
tally destroyed during circumcision. The 
cautery (a device that cuts tissue by 


means of electric current) was adjusted 
too high, and instead of removing the 
foreskin, the current burned off the en¬ 
tire penis. After a period of agonized in¬ 
decision, the parents decided, on the 
advice of an expert in human sexuality, 
to raise the child as a girl, Sruce became 
Brenda. 

Bruce's parents started dressing her 
in girl's clothing and treating her like a 
little girl. Surgeons removed the child's 
testes. Reports of this case stated that 


Brenda was a normal, happy girl, and 
many experts concluded that children's 
sexual identities were determined by 
the way that they were raised, and not 
by their chromosomes or sex hormones. 
After all, Brenda's identical twin brother 
provided the perfect control. Many writ¬ 
ers saw this case as a triumph of social¬ 
ization over biology* 

As you will see in the chapter epi¬ 
logue, this conclusion was premature. 


R cpi'ociuciivc bcTiavions coiiKtiiiiU' ilie iDOSt iiiiporiaiu category of .social hcliav- 
iois, because witfioiit them, most species vvcnilcl nol survive. Tliese behaviors— 
which iiiclufle courting, mating, parental behavior, anti most ioniis of 
aggressive litTiavioi s—ai e ilie intisi striking categories of sexually dimorphic behav¬ 
iors, lliat is, lieliaviors iliai dilTer in males and females (y// -r morphous, 'Two Itu ins'’). 
As von will see, hormones that are jiresent both before and after birth j^lay a very spe¬ 
cial rf>Ie in ihe development and control of sexually dimorpliir btTiavitns. 

rhis cha])ier describes male and iemale sexual development and tlien rliseusses 
tlie neural and liormonal control of Two sexually dimoi'pliic behaviors that are most 
important to reprcKluelion: sexual behavior and parental bebavioi* 


f Sexual Development 


A Iverson's chromosomal sex is fleiermined at ihe time oi rertlli/aiion, I lowever, this 
event is merely the first in a series of steps tliat cuhninaie in tlie developmetn of a 
male oi‘ female. This section considers ilie irngor features of sexual develojjmeni. 


Production of Gametes and Fertilization 


All cells of the liimian bcKlv {other than s[xa’ms or ova) coiitaiii tweiitv-tln ee pairs 
of chromosomes. The genetic information that programs the develt>[)mein of a hu¬ 
man is contained in the DNA ihai consiituies tftese clironiosotne.s. We ]>ride oui- 
selves on our ability to minialuri/e computer circnils on silicon chi[>s. i)UL that 
accom[>Iislnnen1 looks priniilive when vve eonsider that tlu^ blnepriiit Ibr a linnian 
being is too small to be seen by ilie naked eye. 

Tlie production of gametes (ora aiul sperms; gauuiu means 'To marry”) entails 
a special form of ceil division. This process produces cells tliat contain one member 
of each of the tweniv-tliree pairs of chromosomes. The develojimeni of a human be¬ 
gins at die time ol f'eriilizaiion, when a single sperm and o\tnn join, sliaring iheir 
twenty-three single chromosomes to reconstitute the hsenty-tliree pairs. 

A person's geiielic sex is determined at llie lime of ferlili/.ation bv tlie father's 
sperm. Twenty-hvo of tlie Uvenlv-three jxiirs of cliromosomes determine tlie organ¬ 
ism's pliysical development independent of its sex. The Iasi pair consists of two sex 
chromosomes, wliich tleieimine whelliei llie offspring will be a boy or a girl. 


sexually dimorphic behavior A 

behavior that has different forms 
or that occurs with different prob¬ 
abilities or under different circum¬ 
stances in males and females. 

gamete (gamm eef) A mature 
reproductive cell; a sperm or 
ovum. 

sex chromosome The X and Y 
chromosomes, which detennine 
an organism's gender Normally, 
XX individuals are female, and XY 
individuals are mate. 
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Figure 9.1 


Determination of gender. The gender of the 
offspring depends on whether the sperm celt 
that fertilizes the ovum carries an X or a Y 
chromosome. 




C 



gonad (rhymes with moan ad) 

An ovary or testis. 

organizational effect (of hor¬ 
mone) The effect of a hormone 
on tissue differentiation and 
devefopment. 

activational effect (of hor¬ 
mone) The effect of a hormone 
that occurs m the fully developed 
organism; may depend on the or¬ 
ganism's prior exposure to the or¬ 
ganizational effects of hormones. 

Mullerian system The embry¬ 
onic precursors of the female in- 
ternai sex organs. 

Wolffian system The embryonic 
precursors of the male internal sex 
organs. 

anti-Miitlerian hormone A pep¬ 
tide secreted by the fetal testes 
that inhibits the development of 
the Mullerian system, which 
would otherwise become the fe¬ 
male internal sex organs. 


T here are two types a( \ex cfirciiiiosoiiies: X ehroniosonies and Y 
elnutnosoiiies. Females have lvvt> X eliromo.soines (XX); tlius, all the o%'a 
iliai a woman [inKlitces will et>niain an X efnoinnscHiie. Males liave an X 
and a Vcliromosome (XY). When a niaiFs sex chromosomes divide, half 
Llie sperms contain an X chnmiosoine and the oilier lial! contain a V 
chromosome. A Y-bearin^ sperm prcRluce.s an X^-^er^i[^/ed ovinii ami 
therefore a male. An X-bearin^ sperm produces an XX-f'enilized cn nm 
and therefore a female. {See Figure 9,L) 

Development of the Sex Organs 

Men and women differ in many ways: Their bodies are differenu parts oi 
their brains are differeiu, and tlieir re[}jodiietive behaviors are <iifferent. 
Are all tfiese differences encoded on the liny V chromosome, tfie sole 
piece of frenetic material that disti nguishes males from females? The an¬ 
swer is no. The X chromosome and the iwentv-iwo nonsex chrmnosomes 
hinnd in ilie cells of both males and females contain all ilie informaiion 
needed to develop the bodies of eillier sex. F.xpo.snre to sex hormones, 
bo ill be lore and after birtli, is responsible for onr sexual dhnorphism. 
VMiai the Vcliromosome does control is the deveioj^ment ol tlie glanils 
that produce the male sex hormones. 

Gonads 

There are three general caiegt>ries of sex organs: the gonads, the in¬ 
ternal sex organs, and the external genitalia. The goiiaiis—testes or 
ovaries—are llie first to develop, (lonads (from the Ch eek gfnios, “proere- 
ationhave a dual function: They produce ova or sperms, and tliev secrete 
liorniones, Throngh the sixth week t>f prenatal ckwelojDineni, male and fe¬ 
male fetuses are idemical. Both sexes have a paiiof identical imdirferenUated gonads, 
wliicli have the [>otential of deveio[jing into eidier testes or ovaries. The facior that 
controls their devel(.>pmein appears to be a single gene on the V'chrurnostane called 
.SVv. This gene pnKluces a protein called U'siis-flftfTmlning/hrioii winch binds i< j the DNA 
t)fTells in the undifferentiated gonads and eaiises them to become testes, (Testes are 
also known as (rstirles, l.atin for ‘Tittle testes.” Believe it or not, the words “testis'" an<i 
“testify” have the same root, meaning “witness.” I.egend has it that ancient Roman 
men placed their riglit hand over their testes while s\vearing that tliey would tell tlie 
truth in court.) [f the .SVygene is not |>resenI, they become ovaries (Sinclair et al., 19f)0; 
Sniilii, 1994; Koopman, 2901), In fact, a few cases ol XX males ha^e been reported. 
This anomaly can occur when the SVygene becomes iianskjcaicd from tlie chromo¬ 
some to the X cin t>mosoine during production of speims (Wariie and Zajac, 1998), 

Once die gonads have developetl, a series of events is set intt> action that deter- 
mines the individual's gender. These events are direeled by hormones, which affect 
sexual develojjment in two ways, nni ing prenatal development these hormones have 
organizational effects, which inllnence the development of a person's sex t>rgans 
and brain. TTiese elfeels are permanent; once a particular patli is lollowed in tlie 
course of clevelopnicni, iliere is no going back, T'he second role f>l sex liormones is 
tlieir activatioiia] effect. These effects occur later in life, after the sex organs luwe 
developed. For example, Imrmones activate the prodnciion of sperms, make erec¬ 
tion and ejaculation pcxssible, and induce ovrrlation. Because the bodies f)f adult 
males and females have been organized dillerenily, sex hormones will have differ- 
t‘in activational effecis in the two sexes. 

Internal Sex Organs 

Early in embryonic develofjmeni, the inU'rual sex organs are hisexitfil; dial is, all 
embryos eontain the precursors for both female and male sex organs. Flowever, dur- 
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in^ the lilircl inoiitli j^cslation, only one ol tfiese preenrsors dcvflops: ihe oilier 
witliers avv^ty. The prccinsor of die inienial female sex organs, whieli clevekips into 
the fimbnae kind [viliofmiti iiilm, the titerus, anti the ijuter fwa-thircLs oj ihe va0rm, is 
called die Miillerian system. Tlie precurstir ni the itnernal male sex organs, which 
de\elo]:)s iiiio the epuiUiymis, vm tyfemis, and stnmutd vesides, is called the Wolffian sys¬ 
tem. (These systems were named alter their discoverers, Muller and Wolfj. See Fig¬ 
ure 9.2.) 

The gentler of the inienial sex organs td a fetus is determined by the presence 
t)i‘ absence of hormones secreted by the tesles. If these hormones are present, ihe 
Wolffian system develops. llTliey are not, the Mrillerian system deveh>ps. fhe Miil- 
leriaii (female) system needs no hormonal stimulus from the gonads to develop: it 
just normallv df)es so. In contrast, the cells of the Wolffian (male) system tlo not de¬ 
velop unless they are stimulated to dt> so bv a Inirnnme. Tims, testes secrete two 
types oj hormones, fhe first, a pepiirle hormone called anti-Mulleriaii hormone, 
does exactly what its name says: It prevents the Mfdlerian (female) system from de¬ 
veloping, It therefore has a defemmizing effect. I'he second, a set of steroid hor¬ 
mones called androgens, stimnlaies ihe development o( the Wolffian system. (This 
class of hormone is also aptly named: Andros means “man," and ^^rnnan means “to 
produce.”) Androgens liave a masculinizing effect. 

Two different androgens are responsible for mascnlini/ation. The first, testos^ 
terone, is secreted by the testes anri gets its name from these glands. An enz^ne converts 
some of die iesit>sterone into another androgen, known as dihydrotestosterone. 


defeminizmg effect An effect 
of a hormone present early m de¬ 
velopment that reduces or pre¬ 
vents the later development of 
anatomical or behavioral charac¬ 
teristics typical of females. 

I androgen (an dro jen) A male 
sex steroid hormone. Testosterone 
is the principal mammalian 
androgen. 

masculinizing effect An effect 
of a hormone present early in de¬ 
velopment that promotes the later 
development of anatomical or be¬ 
havioral characteristics typical of 
males. 

testosterone (fess fahss fer own) 
The principal androgen found in 
males. 

dihydrotestosterone (dy hy dro 
fess tahss ter own) An androgen^ 
produced from testosterone 
through the action of the enzyme 
Ba reductase. 


Figure 9.2 

Development of the internal sex organs. 
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androgen insensitivity syn> 
drome A conddion caused by a 
congenital lack of functioning an¬ 
drogen receptors: m a person with 
XY sex chromosomes, causes the 
development of a female with 
testes but no interna) sex organs. 

persistent Mullerian duct syn* 
drome A condition caused by a 
congenital lack of anti-Wullenan 
hormone or receptors for this hor^ 
mone; m a male, causes develop¬ 
ment of both male and female 
internal sex organs. 

Turner's syndrome The pres¬ 
ence of only one sex chromosome 
(an X chromosome); characterized 
by lack of ovaries but otherwtse 
normal female sex organs and 
genitalia. 

gonadotropin-releasing hor¬ 
mone {go nad oh trow pm) A 
hypothalamic hormone that stim¬ 
ulates the anterior pituitary gland 
to secrete gonadotropic hormone. 

gonadotropic hormone A hor¬ 
mone of the anterior pituitary 
gland that has a stimulating effect 
on cells of the gonads. 

follicle-strmijiating hormone 
(FSH) The hormone of the ante¬ 
rior pituitary gland that causes de¬ 
velopment of an ovarian follicle 
and the maturation of an ovum. 

tuieinizing hormone (LH) {few 
tee a oize ing) A hormone of the 
anterior pituitary gland that 
causes ovulation and develop¬ 
ment of the ovarian follicle into a 
corpus luteum. 


As you will recall from (Ihapicr 2, lioi inones cxcri tlicir cfTccts uii target cells by 
stimulating the appropriate hortiiouc receptor. Thus, the precursor of the male in¬ 
ternal sex tiiT^ans—the Wnlinan sysieni—contains androgen receptors tliat are cou¬ 
pled to cellular mechanisms that promote growth and division. When molecules of 
androgen.s bind with these receptors, the epididymis, vas deferens, and seminal ve.si- 
eles develop and gnnv. In contrast, the cells f>f the Mullerian system contain rece]>iors 
[V>r anti-Mhllerian htn moite that fm'ifmf growth and division. Thus, anii-Mullerian 
liurmone prevents the deveioj^mem of the female internal sex organs. 

The fact that the intei nal sex organs of the human embryo are bisexual and 
could potcmtially develop as either male or female is dramaticallv ilhistrated bv two 
genetic disorders: atufrogett iftwnsitivity syndrome dmi fm\istenf dud syndrome 

Some people are insensitive to androgens; they have androgen insensitivity syn* 
drome, one of' the more aptly named disorders {Money and Ehrhardt, 1972; 
Macl.ean, Warne, and Zajac, 1995), The cause of androgen insensitivity svndronie is 
a genetic mutation that prevents the formation of functioning androgen receptors. 
(The getie for the androgen receptor is located ou the X chromosome.) The prim¬ 
itive gonads of a genetic male fetus with androgen insensitivity svndrome become 
testes and secrete both anthMiillerian hormone and androgens. The lack of andro¬ 
gen receptois prevents the androgens from having a mascul in typing effect; thus, the 
epididymis, vas deferens, seminal vesicles, and prostate fail to develop. However, the 
anti-Mulleriaii hormone still has its defemini/ing effect, preventing the female in¬ 
ternal sex organs from developing. The uterus, fimbriae, and Fallojjian tubes fail to 
develop, and the vagina is shallow, Tlieir external genitalia are female, and at pti- 
herty they develop a woman's body. Of course, lacking a men is and ovaries* these 
people cannot have children. 

The sect)nd geneiic disorder, persistent Mul]enan duct syndrome, has two 
causes: either a failure to produce anti-Mtilleriaii hormotte or the absence of re¬ 
ceptors for this hormone (Warne and Zajac, 1998). When this syndrome occurs in 
genetic males, ajuirogezis have their masculini/.ing effect hut defeminization does 
not occur, I bus, the person is h<jrn with hoik sets of internal sex organs, male attd 
female. The presence of the additional female sex organs usually interferes with nor¬ 
mal funetiuning of the male sex Qrgau.s, 

So far, I liave been discussing only male sex liurmones. Wliat about prenatal sex¬ 
ual developmeiii in females? A chromosomal anuinaly intlicates that female sex or¬ 
gans are not needed lor develt>pmem of'tl^e Mullerian system. This fact lias led to 
the dictum ‘'Nature's impulse is to create a female.” People with Turner’s syndrome 
have only one sex chromostnuei an X chromosome, (Thus, in.stead of having XX 
cells, they have XO cells—0 iridicating a missing sex chrorno.some.) In most cases the 
existing X chromosome comes from the mother, which means that the cause of the 
disorder lies with a defective sperm (Kjiebelmanii et al., 1991). Because a V chro¬ 
mosome is [lot presellL, testes do not develop. In addition, because two X chromo- 
s(nues are needed to produce ovaries, these glands are itol produced either. Bui 
even tlu>ugli people with Turner's syndrome have no gonads at all, tliey develofi 
into females, with normal female internal sex organs and external genitalia—^which 
proves that fetuses dt> not need ovaries or the hormones they produce \o deveU>p as 

females, ()l course, ihev cannot hear children, because without ovaries ihev cannot 

* * 

produce ova. 


Externdl Genitalia 

The extei iiai genitalia are the visible sex organs, indudiiig the penis and scro¬ 
tum in males and the labia, clitoris, and outer part of the vagina in females, (See Fig¬ 
ure 9,.?,) As we just .saw, the external genitalia do not need tt> be stimulated bv female 
sex hormones to become female; they just naturally develop that way. In the pres¬ 
ence ordihydrotestoslerone the external genitalia will become male. Thus, the gen¬ 
der of a person's external genitalia is determined by the j^resence or absence of an 





Sexual Development ^ 


androgcit* wiiicli explains why peopk- \vith Tinner's syn¬ 
drome have t’eniale external genitalia even tlmngh ihev 
lack ovaries. People wiili androgen insensitivity syndrome 
have female external genitalia too, because without an¬ 
ti rogen receptors iheir cells cannot respond to the an¬ 
drogens ]>rodnced by their testes. 

Figure 9.4 summarizes the factors that control the de- 
velnptnent o(‘ the gonads, internal sex organs, and geni¬ 
talia. (See figure 9,4,) 

Sexual Maturation 

The Ijnmaryse^x characteristics include ilie gonads, inter¬ 
nal sex organs, and external genitalia. These organs are 
present at birth, 4 he serondm y sc\ chai actei isiics, such as 
enlarged breasts and widened hips or a beard and deep 
voice, do not appear until puberty. \\'itboiu seeing geni¬ 
tals, we must guess the sex of a prepubescent cliild from 
his or her haircut and clothing; the bodies of young boys 
and girls are rather similar. However, at puberu- the go 
nads are stiinitialed to produce their hormones, arid 
lliese hormmies cause the person to mature sexually. The 
onset of pnbeny occurs when cells in the hypotlialamus 
secrete gonadotropin-releasing hormones ((hiRH), which 
stimulate the production and release of two gonadotropic 
hormones by tlie anterior pitnitarv gland, Fhe go¬ 
nadotropic (“gonad-turning 9 hormones stimulate the 
gonads to produce hormones, which are nllimalely 
responsible for sexual main ration. (See Figtire 9,5,) 

The two gonadotropic hormones are foilicle-stiinu- 
lating hormone (FSH) and Luteinizing hormone (LH ), 
named for tlie effects they produce in the female ([pro¬ 
duction oi A Joilide And its subsequent hitrin/zation, to be 
described in the next section of this chapter). However, 
the same hormones are jprcKluced in the male, wliere they 
stimulate the testes to produce sperms and to secrete 
lesiQsterotie. If male and female pituitary glands are 


Figure 9.3 

Development of the external genitalia. 
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Figure 9.4 

Hormonal control of development of the internal sex organs. 
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Figure 9.5 


Sexual maturatlori. Puberty Is initiated vwhen the hypothalamus 
secretes gonadotropin-releasing hormonesn which stimulate the 
anterior pituitary gland to secrete gonadotropic hormones. 
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tfxchaiigfcJ in rats, the ovaries and testtvs rcsponci ]>er‘ 
fcctlv lo lilt* lH>rinont\s secreted by tlie new glands (Har¬ 
ris and |acobsohii, I951-Ui52). 

In res[K)nse to the gonadotrojjic hormones (nsnally 
called frouadatrepIfL'i) llie gtmads secrete steroid sex fior- 
niones. The ovaries priKliice estradiol, one of a class td’ 
honntnies knoivn as estrogens* As we saw. the testes j^ro- 
duce test(>slerone. an androgen. Both types nl glands also 
produce a small ainoum ol’ the lionnones ol’ the otlier 
sex. The gonadal steroids alTect many jDarts ol’ the body. 
Boili esiratliol and androgens initiate closure of the grow¬ 
ing pt>riions of tile hones and dins halt skeletal growtfi. 
F.stradiol also causes l>reast develofimeni, growtli oi die 
lining ol the iiierns, ehatiges in the deposition of body 
fat. and matnration of the female genitalia. .Androgens 
siimnlate growdi t)f facial, axillary (iintlerarni), and pubic 
liair; lower ihet'oice; alter the hairline on the liead (often 
cansitig baldness later in life); stimulate muscnlar deveb 
opinein- and cause genital growth. This desci ipticm leaves 
oni two of tlie female secondary characieristics: axillary 
and ])ubir hair. These cliaracteristics are produced not by 
estradiol but ratlier by androgens secreted l>y the cortex 
oj ilie adrenal glands. Even a male who is castrated be- 
, lore y>nbetTy (whose te.stes are removed) will gn>w axillary 
and pubic hair, stimulated hy his own adrenal androgens. 
A list oi the princi^nil sex hormones and examples (d ilieir 
effects are presented in Table 9.1. Nine that some of these effects are discussed later 
in this chapien {.See Table 9./.) 

The hipolentiaiitv of sinne of the secondary sex characteristics remains lhn>ugh- 
out life. If a man is treated with an estrogen (for example, to control an androgen- 
depenflent tumor), lie will grow l>reasts, and his facial hair w'ill become finer and 
softer. However, his voice will remain low; because tlie enlargement ofThe larynx is 
permanent, fConversely, a woman who receives high levels ofAm androgen (usually 
from a umior that secretes androgens) wall grow a Ixanah and her voice will become 
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estradiol (ess fra dye ahf) The 
principal estrogen of many mam- 
I mats, Including humans. 

estrogen (ess uowjen) A class 
of sex hormones that cause matu¬ 
ration of the female genitalia, 
growth of breast tissue, and de¬ 
velopment of other physical fea¬ 
tures characteristic of females. 


Sexual Development 

Gender is determined by the sex chromosomes: XX produces a female, and XY produces a 
male. Males are produced by the action of the Sry gene on the Y chromosome, which con¬ 
tains the code for the production of the testis-determining protein, which in turn causes the 
primitive gonads to become testes. The testes secrete two kinds of hormones that cause a 
male to develop. Testosterone (an androgen) stimulates the development of the Wolffian 
system (masculinization), and anti-MOIIerian hormone suppresses the development of the 
Mullerian system (defeminization). Androgen insensitivity syndrome results from a heredi¬ 
tary defect in androgen receptors, and persistent Mullerian duct syndrome results from a 
hereditary defect in anti-MQIIerian hormone receptors. 

By default the body is female ("Nature's impulse is to create a female"}; only by the ac¬ 
tions of testicular hormones will it become male. Masculrnization and defeminization are re¬ 
ferred to as organizational effects of hormones; activational effects occur after development 
is complete. A person with Turner's syndrome (XO) fails to develop gonads but nevertheless 
develops female internal sex organs and external genitalia. The external genitalia develop 
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Table 9,1 


Classificatton of Sex Hormones 


Class 


Principal Hormone in Humans 

(Where Produced) Examples of Effects 


Androgens Tesiosierone (lesics) 


Dihydroicstostcrone (produced from 
testosterone by action of Set redncoise) 

Androstenedione (adrenal glands) 

Estrogens Estradiol (ovaries) 

Crcstagens Progesterone (ovaries) 

H\pothalamic hormones Gonadotropin-releasing hormone 

(hypothalamus) 

Gonadotropins Follicle-siiiniilating hormone (anterior 

pituitary) 

Lu te ( n i 7.i n g h ormone (an te rio r 
piuuiary) 

Other hormones Prolactin (anterior pituitary) 

Oxytoe i n (pos ten o r pi tu i tary) 


Development t>f Wolffian system; produc¬ 
tion of sperms; growth of faciaU piibict 
and axillary Itair; musetilar development: 
enlargement of larynx; inhibition of bone 
growtii; sex drive in men (and women?) 

Maturalion of male external genitalia 

In women, growth of pubic and axillary 
hair; less important than testosterone and 
dihvdrotestosterone in men 

i 

Maturadon of female genitalia; growth of 
breasLs; altei'aiions in fat deposits; growth of’ 
utenne lining: inhibition of bone growth; 
st'x dri\'e in women (?) 

Maintenance of uterine lining 

Secretion of gonadotropins 


Development of ovarian follicle 


Ovulation; development of corpus kueum 

Milk production: male refractory period (?) 
Milk ejection: orgasm 


from common precursors. In the absence of gonadal hormones the precursors develop 
the female form; in the presence of androgens (primarily dihydrotestosterone, which de¬ 
rives from testosterone through the action of an enzyme), they develop the male form 
(masculinization). 

Sexual maturity occurs when the hypothalamus begins secreting gonadotropin-releasing 
hormone, which stimulates the secretion of follicle-stimulating hormone and luteinizing hor¬ 
mone by the anterior pituitary gland. These hormones stimulate the gonads to secrete their 
hormones, thus causing the genitals to mature and the body to develop the secondary sex 
characteristics (activational effects). 

THOUGHT QUESTIONS 

1, Suppose that people could determine the sex of their child, say, by having one of 
the would-be parents take a drug before conceiving the baby. What would the con’ 
sequences be? 

2. With appropriate hormonal treatment, the uterus of a postmenopausal woman can 
be made ready for the implantation of another woman's ovum, fertilized in vitro, 
and she can become a mother In fact, several women in their fifties and sixties have 
done so. What do you think about this procedure? Should decisions about using it 
be left to couples and their physicians, or does the rest of society (represented by 
their legislators) have an interest? 
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Hormonal Control of Sexual Behavior 


We have seen ihat lioniiones are resj^onsible tor sexual ciiinor phism in llie sli uciure 
ot liie boflv aiui ils organs. Horniones have organizational and aclivalional efTecls on 
liie iniernal sex organs, geniials, and secondary sex cliaracreristics. Xainrally; all oi 
liiese eirects inllnence a person's f>ebavion Simply having d)e pliyskjtie and genitals of 
a man or a woman exerts a [Knverinl effect. Bnt hormones rkj more lhan give ns mas¬ 
culine or lejninine bodies; they also af fect behavior b\ interacting clireelly vvitli the ner¬ 
vous svstem. Androgens that are prest^nt during prenatal developnieiu affect tlie 
developmeni of the nei vous system. In addititm, both male ajtd female sex hormones 
Itave aclivalional ertecTson the adult nervous svstem iliat innnence both physioktgical 
processes and behavior, fills section considers stmie (tf these hormonal etfeeLs. 



See Animation 9.1, The 
Menstrual Cycle, for an 
interactve explanation 
of the menstrual cycle and its 
control. 


Figure 9.6 

Neuroendocrine control of the menstrual cycle. 
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Hormonal Control of Female Reproductive Cycles 

Tlie rejjroduclive cvcle of fetnale printates is called a menstrual cycle (Iroitt ifteusis, 
meaning "monili"). Females olOther species of iiiammals also Iiave reproductive cy¬ 
cles, called estroiLs cycles* FstniK means "gatlily”; when a female rat is in c^strus, Iter 
hormonal coitdiiion goads her to act diffeieiuly lhan she does at other limes. (For 
dial matiei; il goads male rats lo act dilfei ently, too.) 1 he primary feature dial dis- 
lingnislies menstrual cvcles from estrons cvclcs is the monthly growth and loss of the 
lining of ilie uterus. T he other ftniluresare appnjximaielv the same'—except ilial tlie 
estious cvcle ol rats takes four davs. Also, the sexual bcTiavior of female mammals 
witli cslrolls cvcles is linked widi tnulation, whereas most female primates can mate 
at any time during their menstrual cycle. 

Menstrual cycles and estrous cycles consist of a sequence of events iliat are con¬ 
trolled hv hormonal secretions of the ])ituitary gland and ovaries. These glands in¬ 
teract, the secretions of one anecling tliose of tlie other. A cycle begins with the 
secretion of‘gonadotropins hv the anterior pituitary gland, ITiese hormones (espe¬ 
cially FSH) siimnlaie the gi’owili of ovarian follicles, small spheres (jfejiithelial cells 
sui ronnding eacli ovum. Women normally [iroduce one ovarian JdlHcle each month: 

if two are produced and fertilized, tlizygotic (fratental) 
twins will develop. As ovarian follicles mature, ihey secrete 
esnadiok which causes the growth of the lining o\ llie 
uterus in pre[>aration f'oi im[>lanLation <jf the cjvum, 
sliould it be feriili/ed liy a s]>erm. Feedback from the in¬ 
creasing level (d estradiol ev’entually triggers the release i>f 
a sui ge of ITT by the aiuerior piluitary gland, (See Figure 
9,6 and Animation 9,/, The Menstrual Cycie*) 

T he ITT surge causes ovtdnlftnr, TTie ovarian fbllick* 
ruptures, I'eleasing tlie ovum. Undei the continued in- 
fliiejtce ijf LII, the ruptured ovarian follicle becomes a 
corpus liiteum (Aellc>w body’’), which ptoduces estradiol 
and progcsleronc. (St'e Figure 9,6,) The latter hormone 
jn'omotes pregnanev ig(^stfttio}i). h Jiiaintains the lining of’ 
the uterus, and it inhibits the ovaries ficmi producing an¬ 
other Iblliele. Meanwhile, the ovum enters one of the Fal- 
lo[iian lubes and begins its [irogress toward the uterus. If 
it meets sperm cells during hs navel down the Falk^pian 
tube and beecmies fertiUzed, it begins to divide, and sev- 
t‘i al davs later it atlaelies itself lf) tlie uterine wall. 

If the owjin is not fei tili/ed or if it Is fei iili/ed too late 
to develo[> sulficienlly by Lite lime it gets to the utei iis, 
die corptis luienm will sioj) producing esuvidioi and 


Hypothalamus 

Progesterone 

Estradiol 



Luteinization 


Ovulatiorj 
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j^osit'rone, and then the lining oi ilie wails of tlie merus will sloitf^h off. At this point 
nienstniaiion will conmictKe. 


Hormonal Control of Sexual Behavior 
of Laboratory Animals 

The inieranions henveen sex hormones anrl the luiiiian brain are difficnh lt> stndw 
We must turn to two stnirces ol'information: experiments with animals anrl various 
clevelofiiueiual disorders in lunuans, which serve as nature’s own “experiments/' Let 
ns iirst consider the evideiiee gathered Irom research with lahoraiorv animals. 

Males 

Male sexual behavior is quite \'anefl, altlu>u|rh the essential features of ifiiromis- 
Sion (entry of the penis into the fen^ile's vagina), //e/Wc Ihrusthi}^ (rhvthmie move¬ 
ment of the hindquarters, causing genital frielicm), and t^jfintiollofi (discharge of 
semen) ai e charaeteristic of all male nianimals. Humans, of emuse, have invented 
all kinds of eopulatory anrl noncojitilaitiry sexual hehavion For exani])k% iht' pelvic 
mtwemeuls leading to ejaculation may he pei formed hv the woman, and sex play can 
lead to oi’gasm without inironussion. 

d'he sexual belun ior of rats has been studied more than that oi'anvoihei* Iahf>- 

j* 

ratory animak When a male rat euccuiniers a receptive female, he will s[>entl some 
lime nuzzling her and sniffing and licking her genitals, mount lier, and engage in 
pelvic thrusting, Hevvill iiioiml her several limes, acliicviug iniromission on must of 
the mountings. Alter eight lo fifteen iniromissious ap[>roximately I mtniile apart 
(each lasting only about one-quaner of a second), the male will ejaeulaie* 

After ejacufaliug, the male refrains froiti sexual aciiviiy fora period of lime (min- 
ute.s, ill the mt). Most mammals will retui n to co[Hilate again and again, showing a 
kmger pause, called a refractory period, after each ejaculatiom (Tfie term comes 
from llie Latin “to break off'.”) An imeresting pfienomeiioii t>criirs in some 

mammals. If a male, alter finally becoming “exhausted” bv repeated copulaiitju with 
the same female, is ]:)resenied with a new feniale, lie begins to res[ 5 oud quickJv— 
<jl ten as f ast as lie did in his inilial con tact with the first female. Successive intro- 
ductious of new iemales can keep up his performance for prolonged periods of lime. 
This pheiiomerH>n is nncloubiedly imponani in species in which a single male in¬ 
seminates all the females iu his harem. Species with approx ini ale Iv e(]ual n uni hers 
ofiTprodiiclively active males and females are less likelv to act this \va\. 

The rejuveiiatiiig effect of a new female, also seen in roosters, is iisuallv called 
the Coolidge effect. The folltnving sUiry is reputed lo he true, but I cannot vouch 
ior diat fact. (If it is not true, it ouglu \o be.) The late former IkS. president Lahln 
(k>oli<lge and his wife were touring a farm, when Mrs. (\>olidge asked tlie farmer 
wliellier the ctmiimitjus and vigorous sexual activity among the flock oi'hens was the 
work of just one rooster, Tlie reply was yes. She smiled and said, “You might point 
that out to Mr, (k>oli€ige.” The [>resifleni looked thoiiglitfullv at the birds and then 
asked the larmer whether a diirerem hen was inv(jlved each lime. The answei, again, 
was yes, “Von miglit ])oinl ihot out to Mrs. Cloolidge,” lie said. 

Sexual heluu ior of male nKleni.s depends on iesto.sterone, a fact ihai has long 
been recognized (Beriuain and Davidson, 1971). If a male rat iscastratt^d (ihat is, if 
his tesies are removi'd), his sexual activitv evemuallv ceases. However, the heliavior 

i> r 

can i)e reinstated by injections of testosterone, f will deserihe tiie neural basis of this 
aclivaiional effect later in this chapter. 


Females 

The mammalian female has been descrified as the passive panicipani in cojju- 
lation. It is true tliai in some species the I'emale’s role during the act of copulation 


menstrual cycle {men strew af) 
The femafe reproductive cycle of 
most primatesH including humans; 
characterized by growth of the 
lining of the uterus, ovulation, 
development of a corpus luteum, 
and (if pregnancy does not occur), 
menstruation, 

estrous cycle The female repro¬ 
ductive cycle of mammals other 
than primates. 

ovarian follicle A cluster of 
epithelial cells surrounding an 
oocyte, which develops into an 
ovum. 

corpus luteum (/ew fee vm) 

A cluster of cells that develops 
from the ovarian follicle after 
ovulation; secretes estradiol and 
progesterone- 

progesterone Epro jess ter own) 
A steroid hormone produced by 
the ovary that maintains the 
endometrial lining of the uterus 
during the later part of the men¬ 
strual cycle and during pregnancy; 
along with estradiol it promotes 
receptivity in female mammals 
with estrous cycles. 

refractory period (ree frak to 
ree) A period of time after a 
particular action (for example, 
an efacuiatJon by a male) during 
which that action cannot occur 
again. 

Coo I id ge effect The restorative 
effect of introducing a new fe¬ 
male sex partner to a male that 
has apparently become "ex¬ 
hausted' by sexual activity. 
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lordosis A sprnal sexual reflex 
seen in many four-iegged female 
mammals; arching of the back in 
response to approach of a male or 
to touching the flanks, which ele¬ 
vates the hindquarters. 

pheromone {fair oh moan) A 
chemical released by one animal 
that affects the behavior or physi¬ 
ology of another animal; usually 
smelled or tasted, 

Lee -Boot effect The slowing and 
eventual cessation of estrous cy¬ 
cles in groups of female animals 
that are housed together; caused 
by a pheromone in the animals' 
urine; first observed in mice, 

Whitten effect The synchronisa¬ 
tion of the menstrual or estrous 
cycles of a group of femaleSp 
which occurs only in the presence 
of a pheromone in a male's urine, 

Vandenbergh effect The earlier 
onset of puberty seen in female 
animals that are housed with 
males; caused by a pheromone in 
the male's urinep first observed in 
mice, 

Bruce effect Termination of 
pregnancy caused by the odor of 
a pheromone in the urine of a 
male other than the one that im¬ 
pregnated the female; first identi¬ 
fied in mice. 

vomeronasal organ (VNO) {voah 
mer oh nay zuf} A sensory organ 
that detects the presence of cer¬ 
tain chemicals, especially when a 
liquid IS actively sniffed^ mediates 
the effects of some pheromones. 


is merely to Lissuiiie a posture that exposes liei genitals io the male. This heliavini is 
called the lordosis response (from ihe fireek ineaning "'bent backward"'). The 

female will also move her tail away (if she has one) and stand rigidly enough to sup¬ 
port the weight of the male. However, the behavior of a iemale jodeiit in itutiaiing 
Cfipulation is often very active. Cknlainly; il a male atleinj^ls to co])ulate with a noii- 
estrotis rodent, the female will either actively llee or rehun Ihm. But when the lentale 
is ill a receptive slate, .she will often approach tlie male, nn/zle liim, sniff his genh 
lals, and sliow behavioi s characieristic of her species, For example, a female l al will 
exliihii quick, sliort, hopping movements and rapid ear wiggling, which most male 
rats find irresistible (MeClintock atid Adler, 197S). 

Sexual behavior ol female rodents dejjcnds on the gonadal hormones present 
during esiriis: estratiiol atid ]>rogestt‘rone. In lats estradiol iticreases about 40 hours 
before the female becomes receptive; just heldre reeejniviiy occurs, the corpus In- 
teuni begins secreting large quantities of [>rogesteroiie (Feder, 19S1), Ovariec- 
lomi/ed rats (rats whose ovaries have been rennwed) are not sexually recej^live, 
,\lthough sexual receptivity can be produced in ovariecunnized rodents by adminis¬ 
tering large doses o] estradiol alone, ilie most effective treatmeni duplicates the iH>r- 
nial sec|uence oi hoi inones: a small amount td estradiol, followed by progesterone, 
Frogesiei tme alone is ineifective; ilms, the estradiol ^jjrimes" its elfectiveness, Ih im- 
ing with estradiol Lakes abiiut 1(^24 hours, after which an injection of progestertme 
produces receptive heliaviors within an hotir (Takaliashi, 1990). The nein al mt'cha- 
nisms tliat ai e responsible for these effects will he described later in this cha[>ter. 

The sequence of estradiol followed by pnigesterone has three edects on female 
rats: It increases their receptivity, ilieir piuceptivity, and iheir attractiveness, /{/yc/j- 
iktily rei’ei s to tlieir ability and willingness to copulate—to accept die advances of a 
male by liolding still and displaving lordosis when he aiieinpts to mount her, 
iiviiy refers to a lemale's eagerness to copulate, as shown by the I'aet lhai she seeks 
out a male aud etigages in heliaviors tliai Leiul to arouse bis sexual interest* Atfmr- 
/nwm refers to physiological and behavioral changes that affeci the male. The male 
rat (along with many other male mammals) is m<jst responsive to females who are in 
esii us ("in liea(^). Males will ignore a female- whose ovaries have been removed, hnl 
injeetions of estradiol and progesterone will restore lier attractiveness (and also 
cliauge her behavior toward the male). The stimuli that arouse a male rat s sexual 
interest include lier odor ami lier l)eliavioi. In some species visible changes, such as 
the swollen sex skin in the genital region of a female monkey, also afiect sex afjpeal* 


Organizational Effects of Androgens on Behavior: 
Masculinization and Defeminization 

d'lie dieium ’'Nature's impulse is to create a female" applies to sexual hehavitu’ as well 
as to sex organs, ITat is, il‘a rodenlN bi ain is nof exposed to amlrogens dtii ing a ei it- 
ical period of (k-velopniem, the animal will engage in female sexual behavior as an 
adult (ilTbeii given estradit>I and progesterone), Ftirtimately for experimenters this 
critical time comes sliurlly after birth for rats and for several other species of rodents 
that are b(jni in a rather imnialure condition. Tints, if a male rat is castrated imme¬ 
diately after birth, [>ermiued to grow to adultliood, and then given injeetions oi 
estradiol and progesterone, il will respond to the presence of ajiotber male by arch¬ 
ing its back and presenting its hindquarters. Iti other words, it will act as if it werr a 
female (Blaustein and Olster, 1989), 

In conirasi, if a rodent brain is exposed toandi^ogens during development, two 
plienomena occur: behavHjral defemini/.ation ami beliavioral mascnlijuzauon. Ik- 
hrnfioml fifjfutifuzaiioti refers to the organi/aiifjnal effect of androgens that prevents 
the animal from displaying female sexual befwivior in adulthood, /\s we shall see 
later, this effect is accomplished by suppressing lire development of neural circuits 
controlling female sexual behavior. For example, If a female rode in is ovariec- 
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Figure 9.7 


Evidence of defBminization: 
Estradiol 4 progesterone falls 
to facilitate female 
sexual behavior 


and t^iven an injccdon oi tcslusicroiie immedi¬ 
ately after bii th, sfie will ftoi respond 10 a iiiafe rat when, 
as an adult, she is given injectiuns of estradiol and pn>g- 
estcroiie. Hflimdorni rtiawif/hihatiou ref ers to the organi/a- 
tioiial effect of androgens that enables animals to engage 
in male sexual beliavior in adulthoocL I liis effect is ac¬ 
complished by siiimilaiiug the development of neural cir¬ 
cuits controlling male sexual beliavior. For example, if’the 
female rodent in iny previous example is given testos¬ 
terone in aduhliood rather than estradiol and proges¬ 
terone, she will mount and attempt to copidate with a 
Inceptive female, (See Breedlove, 1992, and (lariet; \ 992, 
for references to specific studies.) (See figure 9,7.) 

Effects of Pheromones 

Hormones transmit messages from one pari of the bodv 
(the secreting gland) to another (the target tissue). An- 
fjlher class of chemicals, called pheromones, curries mes¬ 
sages from one animal Ur aiiotlu‘r, Stmie of these 
chemicals, like hormones, affect rej^noductive behavior. 

Kiirlson and laischer (1959) coined the term, fnmi 
the Cheek f^hrretn, *'lo carry," and hormau, '*to excite.” 

Pheromones are released hv one animal and directly af- 

* H _ 

feci the physiolog) or behavior of anothei. In marnnialian 
species most pheromones are detected by ineans of olfaction, 

PheronH)nes can affect reproductive physiol(jg\' uy behavior. First, let tis C(HV 
sider the effects on reproductive physiology'. When groups of female mice are 
housed together, their estrous cycles sUtw down and eveiitually stop. This phenom¬ 
enon is known as the Lee-Boot effect (van der Lee and Boot, 195.5). groups of fe¬ 
males are exp{>sed to the odor of a male (or of his urine), thev begin cycling again, 
and iheii’ cycles tend to be synchroni/ed. This plienomeiion is known as tlie Whit¬ 
ten effect (Whitten, 1959). The Vandenbergh effect (Vandenbergh, \\'hitscLt, and 
Lomlxu'di, 1975) is the acceleration «>f the onset of puheriv in a female rodent 
cau.sed bv the odor of a male, liolli the Whitten effect and the Vandenbergh effect 
are caused by a group coinpouruls that are present only in the urine of intact 
aduh males (Ma, Mlao, and Novotny, 1999; Novt>tny el ah, 1999); the urine ol‘a Ju¬ 
venile or castrated male has no effert. Thus, the production of the pheromone le- 
<|uires the presence of tesioslerone. 

The Bruce effect (Bruce, 19h0a, 19(>t)b) is a particularly interesting plienome- 
non: When a recently inipregnuted female mouse encounters a normal male mou.se 
other than the one tvitlt which she mated, the pregnancy is very likelv to fail. This ef- 
lect, lot>, is caused by a substance secreted in the urine ofintael inale.s—but not of 
males that liave been castrated, Tims, a male mouse that encoiiriiers a pregnant fe¬ 
male is able to pr event the birili of infants carrying another male's genes and sul> 
setjuemly imfjregnate the female himself. This phenomenon is advantageous even 
irom the female's point of view. The fact that the ne\v male lias managed to lake over 
the old male's territory indicates that he is probably healthier and more vigorous, 
and therefor e his genes will contribute Ur the formation of offspring dial are more 
likely ur survive. 

As you learned in Chapter 7, detection of odors is accomplislied by the oKactory 
bulbs, which ctinsiiiute the primary olfactory .system. However, the four effects that 
pbei omernes liave on reproductive cycles appear to be mediated by another organ— 
the vomeronasal organ—which consists of a small group of sensory receptors 
arranged aiouiul a pouch connected by a duct to the nasal pa.ssage. The vomer'oiiasal 


Organizational effem of testosterone. Around the time of birth, 
testosterone masculinizes and defeminlzes rodents' sexual 
behavior. 

Hormone Treatment 


Immediately 
after birth 

When rat Is 
fully grown 

Resulting Sexual Behavior 
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None 
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. dVTB ■ . ■ 1 in .. . 
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Evidence of mascutmtzation: 
Testosterone facilitates male 
sexual behavior 
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Figure 9.8 

The rodent accessory olfactory system. 
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Adapted from Wysocki, C. J. Neuroscience 3 Biobehavioral Reviews. 1979, 
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Figure 9.9 

A cross section through the rat brain showing the location of the 
amygdala. 
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Adapted from Swanson, L. W. Bratn Maps: Struaure of the Rat Brain. New 
York: Elsevier, 1992. 


organ, which is present in all orders uf inamnials except 
fur cetaceans (whales and dulyjhins), pn>jects to die ac¬ 
cessory olfactory bulb, located iiinnediaicly behind the ol- 
lactorv hiilh (WVsucki, 1979). (See Figure 9.8^) I he 
vcjnieronasal tirgan probably does ncH delect airborne 
molecules* as llie ulfaciory bulbs do* hut instead is sensi¬ 
tive lu nonvolatile cuitipoiinds found in m ine or otlier 
substances, hi fact, stimulation of a nerve thai serves the 
nasal regitjn o\ the hamster causes lluid to be ptimped 
into the vomeruna.sal organ, which exposes the receptors 
Lu any substances that mav be present (Meredith and 
O'C'.onnell* 1979), "I’his pump is activated wlienever the an“ 
imal encuuruersa novel stimnhis (Mererlith* 1994). 


Removal uf the accessory olfactory bulb disrupts the 
Lee-Boot effect, the Win Lien effect* the Vandenhergh ef¬ 
fect, and the Bruce effect; thus* the vcnneronasal system is 
essential for these phenomena (Halpern, 1987). The ac- 
cessrn v olfaciorv bulb sends axons to die medial nucleus 

J 4 

of the amygdala, which in turn projects lo the preopiic 
area and anterior hvpoihalamus anil to the ventromedial 
nucleus of the hyputhalamns. (As you learned m Chapter 
7* so does the main olfactory bulb.) Thus* the neural cir- 


cnil responsible for the effects of tliese phertimones ap¬ 
pears to involve these regions. .\s we shall see, the 
preoptic area, the medial aiiiygdala* and the ventrome¬ 
dial nucleus oi the hvpothalamits all play im[>oiTaut roles 
in reprodtictive behavior. (See Figure 9.9.) 

Besides having eflects on reproductive pliysiologt-, 
some piieromones directly affect behavior. For example, 
pheromones pi eseni in the vaginal secretiotis of female 
hamsters stimulate sexual behavior in males. Males are at¬ 


tracted to the secretions of females, and they sniff and lick 
the female’s genitals beftire copnlaiing. In fad, there may 
he two categories of plierotnnnes: one delected by the 
vomeronasal organ and another detected by the olfactory 
epithelium; mating behavior of male hamsters is dis¬ 
rupted onlv il frnih svstems are interrupted (Powers and 
Winans* 1975; Winansand Powers* 1977). .As we saw, both 


the primarv and accessorv olfactorv svstems send fibers 

If r V H 

to the medial nucleus of the amygdala, Lehman and 
Winans (1982) f ound iliai lesions of the medial amygdala 


al^olished the sexual hehavioi'of male hamsters. Tlu*s* the 
amygdala is part of tlie system that mediates the ef fects of 
plieromtmes on the sexual beliavior of male hamsters. 

Stowers et ak (2002) found that a targeted mutation 
against a protein that is essential for the detection of 
piieromones bv the vomeronasal organ abolishes a male 


mouse’s ability to discriminate between males and fe¬ 
males. As a result* male mice with this mutation at¬ 
tempted lo eopnlaie with butli males and females. (The 


behavior of these mice is shown in Animation 10, L) 


It appears that at least some pheromone-related phe- 
[lomena occur in humans. McCliniock (1971) studied the 
menstrual cycles of women attending an all-female col¬ 
lege. She innnd that wtnneii who spent a large amount of 
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The presence of pheromone-related phenomena in humans vyas 
confirmed by the discovery that women who regu[ar!y spend time 
together tend to have synchronized menstrual cycles. 


time Logetlier IcihIccI to liiive synchrtmi/ed cycles—Their menstnial )X"r]r>cls began 
williiii a day or nvo of one anoilier. In adduion, women who regnlarlv spent some time 
in the presence of men tended to have shorter cycles tlian thoscMvhcj rarelv spent time 
with (smelled?) men. 

Russell* Switz* and Thompson (1980) obtained direct evidence that olfactory 
siinmli cati synchronize women'.s mctistriial cycles. The investigators collected daily 
samples of’a woman's nnderarm sweat. They dissolved the samples In alcohol and 
swabbed them on the upper lips (.>ra group of women three times eacli week, in the 
order in which they were originally taken. The cycles of tlie women who received the 
extract (but not those of control subjects whose lips were swabbed with pure alco¬ 
hol) began to synchronize with the cycle of the odor donor. These results were con¬ 
firmed by a similar study by Stern and McClintock (1998), who fmnid that 
compounds from the armpits of women taken around the time of rmilation length¬ 
ened otiiei women's menstrual cycles, and compounds taken late in tlie cvcie sliori- 
eiied tlienn Shinohara et al. (2001) found that these effects were caused fiv 
pheromone-induced clianges in the rate of LI I secretitju. 

Several studies have found that two compounds present in human sweat have 
rliffereni elTects in men and women, [acob and MeC^lintock (2000) found that the 
andn>genic chemical (nidrosiadtfnotu^ increases alertness and positive mood In 
women but decreased positive mood in men. A fintctional imaging study bv Savic et 
ak (2001) found that the androstadienone activated the preo[>tic area and ventro¬ 
medial hypothalamus in women* whereas the estrogenic chemical acti¬ 

vated the paraventricular nucleus and dorsomedial hvpotlialamus in men. 

Whether or not plieroniones play a role in sexual attraction in Ininians* the fa¬ 
miliar odor of a .sex partner probably ha.s a positive effect on sexual arousal^—just like 
the sight of a sex partner or the sound of his or her voice. We are not generally con¬ 
scious of the fact, but we can iclentih' other peof>le on the basis of’ol factor v cues. For 
exam]:))e* a study by Russell (1976) found that people were able to distingtiish by odor 
between T-sliirts that they had worn and those previously worn bv other pecipie. They 
could also tell whether the unknown owner of a T-shirt was male or female. Thus, ii 
is fikely that men and women catt to he auracte<i by their partners’ characteris¬ 
tic odors, Jtisi as they c<m learn to he attracted by ihe sound of their voice. In an in¬ 
stance like this* the odors are serving simply as sensory cues* not as pheromones. 

.Although the human nose contains a vojneronasal organ ((iarciaAelasco and 
Mondragon* 1991)* not all investigators agree that this organ detects plterf>moiies. 


accessory olfactory bulb A 
neural structure located in the 
main olfactory bulb that receives 
information from the vomeronasal 
organ. 

medial nucleus of the amyg¬ 
dala (a m/g da la) A nucleus that 
receives olfactory information 
from the olfactory bulb and acces¬ 
sory olfactory bulb, involved in the 
effects of odors and pheromones 
on reproductive behavior. 
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Tht' density of neurons in tlie V'NC) is very sparse, and invcsLigaiors have noivei sue* 
eeeded in Iraein^ neural eoinic'ctions Irom this organ to the lirain (Doty, 21KH}, 
wliicli lias led some researetiers to eonelude iliai tlie human VTsC) is a vestigial or¬ 
gan like the human appendix. Evidence clearly shows dial human ref>roducuve phvS” 
iolog\ is alTecied by pheromones, hut it seems likely dial these chemical signals are 
delected hy the "staiulard" olfactory system—die receptor cells in tlie tiifactoi y ep- 
ithelium^—^and not bv cells in ilieVNO. 


Human Sexual Behavior 

I luman sexual beinn ior, like that of ottrer mammals, is inlluenced bv activadonal ei- 
ivL'is oi‘gonadal hoi niones and, almost certainly, organizational effects as welL Bin 
as we will see in the following subsections, the effects of these hormones are differ¬ 
ent in our species^—especially in wotnein 

If honnones have organizational effects on human sexual behavior, ihev must ex¬ 
ert these effects bv altering die development of die brain. Although there is good ev¬ 
idence that prenatal exposure to androgens affects develojimeni of the iiimian brain, 
we cannot yet be certain diat this exposure has longdastitig heliavioral ef fects, I'he ev¬ 
idence fienaining to these issues is discussed later, in a section on sexttal oi ten tat ion. 


Activational Effects of Sex Hormones in Women 


As we saw, the sexual behavior of niosi female mammals other than higher |>ri- 
mates is controlled hvihe ovarian hormones estradiol and progesterone. (In some 
species, such as cats and rabbits, only estradiol is necessary.) As Wallen (I99d) 
pointed out, the uvaiiati hormones conti ol not only the wtUht^ness (or even eager¬ 
ness) of an estrons female to mate but also her abilily to mate. That is, a male rat can¬ 
not copulate with a female rat dial is not in esirus. Even if’he would overpower lier 
and nunml her, her lortkisis response would not occur, and he would be unable to 
achieve intromission. Thus, the evolntionarv process seems to have selected animals 
that mate only at a time when the female is able to become pregnant, (The neural 
control of the lordosis response and the effects of ovatian ht>rmones on it are de¬ 
scribed later in this chapter,) 

In higher primates (including our own species) the abiiiiy to mate is not con¬ 
trolled by ovarian liormones. There are no physical barriers to sexual intercourse 
during any pan of the menstrual cycle. If a woman or other female primate consents 
to sexual aciiviiy at any time (or is forced to submit by a male), intercourse can cer¬ 
tainly lake place. 

Aliliough ovarian hormones do not women's sexual activiU', they may still 

have an influence on their sexual interest. Early studies reported that nuciuaiions in 
the le^el of the ovarian hormones had onlv a minor effect on women's sexual inter¬ 
est (Adams, Gold, and Burt, 1978; Morris et al,, 1987), However, as Wallen (1990) 
pointed out, diese studies have almost all involved married women who live wiili 
their husbands. In stable, monogamous relationships in which the partners are to¬ 
gether on a daily basis, sexual activity can be instigated by eitlier of them. Normally, 
a luisband does not force his wife to have intercotnse with hitn, but even if she is not 
interested in engaging in sexual activity at that moment, she may find that she wants 
to do so because of her affection for him. Thus, changes in sexual interest and arousr 
ability might not always he reflected in changes in sexual behavicir, In fact, a study of 
lesbian couples (whose menstrual cvcles are likelv to be synchronized) found a sig- 
nincant increase in sexual interest and activity during the middle portions of llie 
women's cvcles (Matteo and Rissman, 1984), which suggests that ovarian hormones 
<fo influence women's sexual interest. 

These results pose an interesting questH>n. If all of a woman's sexual encounters 
were initiated by her, witlioiit regard to her partner's desires, would we find an ef- 
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Figure 9.10 


I'cct or ovarian hortnoiies on tlit* wtjinon’s soxual ariivilv? 

Van (ioozcn cl al. (1997) fbnn<i ihai ilic sexual acliviu' 
iniiiatcfl bv men and women slit>\vefl verv diflerem lela- 
lionsliips lo the woman's menstniai cycle (and liencc to 
her level tjf ovarian lun nioncs). Men initiated sexual ar* 

Itviiy at about tlie same rale liiroujrhoui the woman's cy¬ 
cle. whereas sexual aetivilv iniliatcd bv women sliowed a 

■f 

distinct ]jeak around the time oi ovidation, when estra¬ 
diol 1 e\ e 1 s a t'e h i g 11 cs i. (See Figure 9.10.) 

Wallen (2001) points tsnt that althotigh tjvarian bor- 
numes may alTeci a woman's sexual interest, her behavior 
can be innneneed by other hiciors as well. For example, if 
a woman does noi want to becfane pregnant and does noi 
have absoltue conlldence in her method of bii th conlrob 
she may avoid sexual intercoin se at mid-cycle, artumd the 
lime of ovtilatk>n—tnen if her jjoteniial sexual interest is 
ai a peak. In lact. Darvev (19H7) [bund that women were 
more likely m engage in auu>sexual activity at this time. 

On the other hand, women who ioaftf to become preg- 
natu are more likely to initiate sexual imerconrse during 
die time when tliev are most likelv lo conceive. 

0 f 

Several invesiigators have suggested that women's 
sexual interest can be stimulated bv antlrogeiis, l lowevcr. 
at the presem lime, die nK>si likely conchisioii seems lo be 

tliat ahliough androgens by themselves (in tlie absence of estradiol) do not stimu¬ 
late women's sexual interest, iliey apjjear to amplify the effects ofesu aditil (Wallen, 
2001). Ft>r example, Sbifien el al. (2000) siutlietl ovariectorni/ed women aged 
years who were receiving estiogen-rejjlacemem tlierapv. I he women were given, in 
addition to the esUxigen. eithei’ a placebt) or one of two tlifferenl doses of lest os- 
ten >ne. deliveietl lluoiigli traiisdermal [>aiclies. All ho ugh die [>lacebo jjnKhieed a 
p<»sitive effect, tlie tesiosienme further increased sexual activity and rate of’orgasm. 
Al the higher dose, the percentage of women wh<i had sex fantasies, masuirbaied. 
and had intercourse increased iwn lo three limes over baseline levels and re|>orted 
iiigher levels of well-being. 


The distribution of sexual activity of heterosexual couples 
initiated by the man and by the woman. 



Adapted from Wallen, K. Hormones and Behavtor, 200]. 40, 339-357, 
After data from Van GDozen et al.. 1997. 


Activational Effects of Sex Hormones in Men 

Ahliongb women and mammals with estrous cycles dil’fer in iheir behavioral re¬ 
sponsiveness to sex liorniones, men resemf)le (>ther mammals in ilieir befiavioral re¬ 
sponsiveness to lestosteroiie, Witfi normal levels they can be poieni aiul fertile; 
w'itlioin testosterone sperm pi'odiiclion ceases, and sooner or later, .so dt>es sex¬ 
ual poiency. In a dtjulile-hliiul suidv, Bagateil ei al. (1994) gave a ]>]acebo or a 
gonadonopiii-releashig hormone ((inRlf) antagonist U) young male vohniieers to 
suppress seeretion of’ lestieular androgens, Willi in iwo w^eeks ilu^ .subjecis who re¬ 
ceived the ChiRH aiilagt>nist reported a decrease in sexual imtaest, sexual Janiasv, 
and iniereonrse. Men who received replacement ch>ses of testosierone along with the 
antagonist did not show iliese changes. 

Tlie decline of’sexual activity after casti ation is cjuite vai iable. As reporied bv 
Money and Klirliardt (1972), some men lose poiency immediaiely, whereas others 
show a slow, gradual decline over several years. Perhaps at least stJiiie of tlie vari¬ 
ability is a function of prior exfierienee; praciice not only may "make perfect." hut 
may also forestall a decline in fnnciion, Allhough tliere is no direct evidence with re¬ 
spect to this possihiliiv in Immaiis, V^allen and his colleagues (Wallen el ak. 1991; 
Wkllen, 2(K)1) injected a (iiiRH amagonisi in seven adiih male rhesus mt>nkevs 
lhal were part of a larger group. The injection suppressed testosterone secretitm. 
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I congenital adrenal hyperplasia 
(CAH) {hy per p/ay zha) A condi^ 
tion characterized by hypersecre¬ 
tion of androgens by the adrenal 
cortex; m females, causes 
masculinizatfon of the external 
genitalia. 


iintl soxual bcltavior declined alter one week. Howevei; tlie decline was related to 
the aniniar.s social rank and sexual experience: Moie sexually experienced, liigli- 
r ankin^ males con tinned to copnlate. In lad. ilie highest-r anking male continued 
to copulate and ejaculate at the same rale as Iteldre, even though his lestosierone se¬ 
cretion was suppressed lor almost eight weeks. The mounting behavior of the lowest- 
ranking monkev completelv ceasc^d and did not resume until lestosierone secretion 
recovered from the antiTaiRH treatment. 

Testosterone not oiilv alleels sexual aclivitv but also is atfected bv it—or even bv 

^ - j- 

thinking about it. A scientist stationed on a remote island {Anonymous. 1971)) re- 
nioveti his beard with an electrical shaver eacli day and vveiglied ilie clipjjings. Just be- 
(bre he left for visits to the niainland (and to the comjjanyof a female comjjanion)* 
liis beard began growing faster. Because rate of beacd grovvlli is related to androgen 
levels, ilie ef fect indicates that his arnicipatioii of sexual activity stimulated tesios- 
terxme [)roduciion. CTnillrming these results. Hell ham men Huberu and Sclunnieyer 
(1985) found that watching an erotic film increased men's tesiosternne level. 

Sexual Orientation 

Aftej’ puberty most people develop a sexual arid romantic atiractit>u U> inembei s tA' 
the opposite sex. However, some people find themselves attracted to members of 
their own sex. W'hat controls a person’s sexual orieniaiion—the getuler of people to 
whom a jjeison ts sexually and romatuically attracted? Some investigators believe 
that honKtsexualily Is a result ol cliiklhood experiences, especially inieractioris be¬ 
tween tlie cliiltl and parents. A large-scale sindy ol’sevei al liundr ed male aufl female 
homosexuals repot ted bv Bell. Weinberg, and Hammersmitii (19SI) attempted to 
assess the effects ol these factois. The rescarcheis Ibnnd no evidence that homo¬ 
sexuals had been raised by doniiiieering mothers or submissive fathers, as sortie din- 
iciatis had suggested. Fhe l>esl predictor ol’adult homosexualilv was a sell-report of 
homosexual feelings, which usually preceded homosexual activity by tlnee years. 
The iuvestigatoi's concluded that ilieirdaia did inn snpjnnt social explanations for 
homosexuality but were consistent with tlie possibility that homo.sexnaliiv is at least 
partly biologically determined, 

II homosexuality does liave a physiological cause, it certainly is not variations in 
the levels of sex Ironnones during adulthood. Many studies have examined tlie lev¬ 
els of sex steroids in male liornosexuals (Meyer-Bah I burg. 1984). and ihe vast ma¬ 
jor itv of them found these levels to be similar to those of lieterosexuals. A lew studies 
suggest liiai about "kl percent of female homosexuals Itave elevated levels ol testos¬ 
terone (but still lower than those found in men), Wlietlier these differences ai e re¬ 
lated to a biological cause leshianisni or whether dilferences in lifestyles may 
increase the secreiioi> of testostei one is not \ei known. 

A rtiore likely biological cause ol'homosexualilv is a subtle difference in br ain 
siructiue caused bv differences in tlte amoimt ol prenatal exptJsure to antlrogens. 
IVahaps, then, the brains of male homosexuals are neither niascnlini/efi nor tle- 
femini/ed. those of female homosexuals are masculini/ed and defeinini/ed, and 
llio.se of bisexuals are masculini/.ed but not defemini/ed. Of course, these are v/Jcc/e 
/alioii.s that so far cannot be supjiorieil bv liuman data; they are not (ondnsjons. fliey 
should he regarded as .suggestions to guide future research. 


Prenatal Androgenization of Genetic Females 

Tvidence suggests that prenatal androgens can alTect luirnan social behavior anti 
sexual oi’ieniation. as well asanaiomv. In a disorder kntiwit as congenital adrenal hy¬ 
perplasia (CAH), the adrenal glands secrete abnornial ainuunls of antlrogens, (//y- 
means “excessive fonnalion.'') Tht‘ sectetion of antlrogens begins 
prenatally: thus, the syndrome causes prenatal masculini/aiion. Boys hoin with 
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CAH dcvek>[j nnrniidly; tlie extra aiKln>^cii docs not sceni to have si^iii(leant ef¬ 
fects, Htnvevei; a girl \s illi ilAl ] will be born with an enlarged clitoris, and her labia 
niay be partly I used togeilier. (As Figure 93 slrows, the scrotinn and labia develo]3 
from the same tissue in the fetus.) If the ma.scnlinization of the genitals is pro- 
ntninced, snrgerv will he performed to correct them. In anv event, (nice the svn- 
fhxnne is identilled, the person will be given a synthetic hormone that suppresses the 
abnormal secretion of androgens, 

Mt>ney, Sclnvan/, and Lewis (1984) studied iliirty yemng women with a Ihstory 
of ('AH. riiey had all been born with enlarged clitorises and partly fused labia, which 
led to tlie diagnosis. (A few mild cases were not diagnosed for several years.) Once 
the diagnosis was made, they were treated with drugs that suj^press the secretion of 
adrenal androgens, and, if iiecessary, genital surgery was [performed. Monev and his 
colleagues asked tlie young women to describe their sextial cii iemation, Thit tv-seven 
percent of the women descrihtxl themselves as hisexnal or liomosexnal, 4b percent 
.said thev were exclusively heterosexual, and 23 pereeni ref used to talk about their 
sex lives. If the nonconnniital women are excluded IVom the samj^le, the ]K-reentage 
of liomosexualitvor hisexualiiy rises to 48 percent. These results suggest tliat the ex¬ 
posure of a f emale fetus to an abnonnally liigli level of androgens does af fect their 
subsequeril sexual orieittation, 

A study by lijima et al. (2(Hn ) found tlial prenatal androgenizatiem may affect 
other sexually dimor[}iiic h(‘lnniors besides sexual orientation. The investigators 
asked young children, including girls with ('AM, to draw [)icuires. Tvpically, hoys are 
more likely to make drawings that u.se dark or cold colors and to feature naningol)- 
jeels such as cars, trucks, Li ains, and airplanes, whereas girls are mure likely to use 
light and warm colors and to include peof>le, flowers, and butterflies. The investi¬ 
gators found that masculine motifs were much tnore likely to appear in the drawings 
ol girls with (H, (See Figure 9.1 L) 

,\ plausible explanation for the liigli prevalence of masculine sextial orient at ioji 
of Women willi LAH is that die androgens affect d(Telof>nHml of the lirain. However, 
we nnist remember that llie aEidrogens also affect the genitals; possil^ly, the changes 
in llie genitals played a role in shaping the development oj the girls' sexual orien¬ 
tation. 11 the differenees seen in sexual orientation rnr caused bv eifects of prenatal 
androgens on braiti development, tlien we could reasonablv conclude that prenatal 
androgens are rc.sponsiblc for esiahh.shing the sexual orientation of niales, t()u. That 
is, these re.snlls support the hyptithesis that male sexual orientation is at least panly 
^ie^e^mined by maseulini/ing (and deleinini/ing) effects of androgens on the hu¬ 
man brain. 


Failure of Androgentzation of Genetic Males 

As we saw, genetic males with androgen insensitivity svndrome devel<>[} as IW 
males, wiili lernale external genitalia—^but also with testes and wiiliout uterus or Fal¬ 
lopian lubes. If an individnal witli this syndrome is raisefl as a girl, all is well. 
Normallv, tlie testes are removed because ihev olten become caiieerons: but if tliev 

^ ■ 4 

are not, the body will mature into that of a woman at tlie time of pnherlv thn>ugh 
the effects oftlie small amounts of estradiol produced bv the testes. (If the testes are 
removeti, the ]3erson will be given estradiol lo accompli si i the same result.) Al adult- 
fiood llie individnal will (imcTion sexually as a woman, although surgical lengthen¬ 
ing of the vagina may ht‘ necessary. Women willi tills svndrome repcji i average sex 
flrives, including normal frequency of orgasm in intercourse. Most marrv and have 
normal sex lives. 

Studies of the social beliavior of [)eople wiili androgen insensitivilv syndrome in¬ 
dicate that they tend to hv very 'Teminine" (Mf>ney an<l Elirhardt, 1972). Hiere is no 
indication of sexual orientation towaixl women. Thus, the lack ofandrogen receptors 
appears to prevent htjih the masculinizing and defeiihnizing elfeels of androgens on 
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Figure 9.11 

Prenatal androgens and children's drawings, (a) Drawing by a B-year-old girl, (b) Drawing by a 5- 
year-old boy. (c) Drawing by a B-year-old girl with congenital adrenal hyperplasia. 




(C) 

From lijima, M., Arisaka, 0.. Minamoto, F , and Arai, Y. Hofmones and Behavior, 2001, 20, 99-104 


a [itn son's sexual interest. I ( the lack nf androgen receptors results in a person with a 
sexual (n ieiuaut>n toward men. ilien perhaps events Utat interfere witli prenatal an¬ 
drogen i/aiion in male ietnses conkl increase the likeldiood of homosexttalliy. Of 
eonrse. it is also possible that rearing an XV child with androgen insensitivity syn- 
ditniie asa girl plays an imjan tani role in that persouX sexual orientation. 


Sexual Orientation and the Brain 

rile luiman brain is a sexually dimorphic organ, riiis iaci has long been sus¬ 
pected, even before conllrmaiion was reeeivefl fixiin anatt>mtcal siiidies and studies 
of regional cerebral melabolisin using PET and lunctlfnial MRI. For example, neu¬ 
rologists discovered that tlie two hemispheres of a woinanX brain ap])ear to share 
fiinelitms more than those of a inanX braiti do. If a man sustains a sirttke that dam¬ 
ages the left side of the brain, he is more likely to show iinpainnents in language 
than is a woman with similar tlamage. Presumably; the womairs rigiil lieinispliere 
shares language limciions wiili the leit, so that damage to one hemisphere is less dev¬ 
astating llian it is in men. In addiiicjii. the sizes of some specille regions of ilie le- 
ienceplialon and dieiK e])lialon are diHcreni in males and females, and the sliape of 
tlie cotpns callosum may alscj be .sexually dimoiphic. (See Breedlove, HHJ4, and 
Swaat), Cajoren, and Holman, for specific reierences.) 
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NJosl iiivcsligaUHs iluu iho sexual fliniorpliisiii of the human l>rain is a re- 

siik dirreieiuial exposure to androgens prenatallyand during early postnatal life. Of 
course, additional ehai^ges could occur at the titne or])ul>eriy, when another surge in 
androgens occurs- Tile ditfeicnces could even be a result ordllierences in the social 
eiiviroinnents of males anti females. We cannot tiianipulate the hormone levels oi'lue 
mans before and alter birth as we can with laboratory animals* so it might be a long 
time before enough evidence is gathered to jicrmii us to make definite conclusions* 

Several sttidies have examined the brains t>f deceased heterosexual and honui- 
sexual men and heterosexual women. So fai; these studies liave found ihfferences in 
the si/e oi three differem subregions o\ the brain: the siiprachiasmatie iiueletis* a 
sexnallv dimorphic nucleus ol the hvpothalamus, and the anterior eoinmissure 
(Swaab and Htifmaiu U)90: LeVay; U)9I: Allen anti Clorski. 199"i), Von are already fa¬ 
miliar with the supraehiasmalic nucleus ffcnn Chapter H: the anterior ccjmmissure is 
a fiber bundle that interconnects pans <if the left ami right temporal lobes. I'he 
snjirachiastiiatic nucleus ivas found to be larger in homosextial men and smaller in 
heterosexual men and women; a sexually dimorphic nucleus of the fiypothalamus 
(the fhird /ntmtifial nu fleas oj I he ft a tnioj hyfmtha If/mu s, or INAH-j) was fotmd to he 
larger in heterosexual men and smaller in hotnosexual men anti heterosexual 
women: and tlie anterior commissure was found to be larger in homosexual men 
and heterosexual wtmien and smaller in heterosexual men. Htiwever* a fdlloiv-up 
study failed to replicate tins effect. Bytie et al. (20(1^) found that the INAH--i was 
larger in heterosexual men than in women but tailed to find a relationship between 
si/e and sexual t)i ientation in men. 

VVe cannot necessarily conckKie that any of the brain regions 1 mentioned in this 
section arc directly involved in people’s sexual orientation (or sexual identity), but 
tlie results do suggest the following: The brains of heleiosexital \s"t>meiu heterosex¬ 
ual men» and homosexual men mav have been exposed to rlifferent patterns of hor¬ 
mones prenaially. The rm/<iifrerences—if indeed sexual orientation is determined 
by prenatal exposure to androgens—may lie elsewhere in the brain* but at least we 
have an indication that dif ferences (io exist and that exposure to [>renatal hormones 
has a piofduud effect on the nature of a [)erson's sexuality. 


Heredity and Sexual Orientation 

.Atiother factor tliat may play a role in sexual orientation is heredity. Twin stud¬ 
ies take advantage of the fact that identical twins have identical genes* whereas the 
genetic similarity between fraternal twitts is* on the average, 5f) percent. Bailey and 
Pillard (1991) studied pairs of male twins in which at least one mcinbcr identified 

himself as liomosexual. If both tw^insare homosexuak thevare said to be conconlaat 

* 

for this uait. If only one is homosexual, the twins are said to be (lisamlanL Thus, if 
liomnsexiialitv has a genetic basis, the [>ercentage of monozygotic rwins w ho are con¬ 
cordant for homosexuality should be higher than that for di/ygntic nvins. This is ex¬ 
actly what Bailey and Pillartl found: The concordance rate was 52 percent for 
identical twins and (uily 22 percent for fraternal twins. 

(icnetic factors also appear to affect female homosexuality. Bailey el al. (199!^) 
found that the concordance of female iiiono/ygotic tw ins fur homosexualitv was 48 
percent* while that of dizvgoiic twans was 16 percent. Another study* by Pattaiucci 
and Hamer (1995)* found an increased iticidence of homosexualitv and bisexuality 
in sisters, daughters* nieces* and female cf>usins (through a paternal uncle) of ho¬ 
mosexual women. 

To summari/e, evidence suggests tliai nvt> biological [actors—prenatal hor¬ 
monal exposure and hereditv—may affect a person's sexual orientation. These re¬ 
search findings certainly contradict the suggestion that a person's sexual orientation 
is a moral issue. It appears that homosexuals are no more responsihle for their sex¬ 
ual orientation than heterosexuals are. Eriiulf* Iniiala* and Whitam (1989) found 
that people who believed that homosexuals were ‘*horn that way" expressed more 
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|jo-siLivc auitildes toward iliem than did people wlio believed lliat diey “chose lo be” 
or “learned lo be” dial w'ay. Thus, we can hope lliat researcli on die origins oldio- 
niosexuality \vill reduce prejudice based on a pei soids sexual orieniatiou. The ques¬ 
tion “W hy rloes someone become homosexual?'' will [jrobably be answered when we 
Hud out whv someone becomes Jit^inosexuaL 


INTERIM SUMMARY 


Hormonal Control of Sexual Behavior 

Sexual behaviors are controlled by the organizational and activational effects of hormones. 
The female reproductive cycle (menstrual cycle or estrous cycle) begins with the maturation 
of one or more ovarian follicles, which occurs in response to the secretion of FSH by the an¬ 
terior pituitary gland. As the ovarian follicle matures, it secretes estradiol, which causes the 
lining of the uterus to develop. When estradiol reaches a critical level, it causes the pituitary 
gland to secrete a surge of LH, triggering ovulation. The empty ovarian follicle becomes a 
corpus luteum, under the continued influence of LH, and secretes estradiol and proges¬ 
terone, If pregnancy does not occur, the corpus luteum dies and stops producing hormones, 
and menstruation begins. 

The sexual behavior of males of all mammalian species appears to depend on the pres¬ 
ence of androgens* The proceptivity, receptivity, and attractiveness of female mammals 
other than primates depend primarily on estradiol and progesterone* In particular, estradiol 
has a priming effect on the subsequent appearance of progesterone. 

In most mammals female sexual behavior is the norm, just as the female body and fe¬ 
male sex organs are the norm* That is, unless prenatal androgens masculinize and defemi- 
nize the animal's brain, its sexual behavior will be feminine. Behavioral masculinization 
refers to the androgen-stimulated development of neural circuits that respond to testos* 
terone in adulthood, producing male sexual behavior. Behavioral defeminizatton refers to 
the inhibitory effects of androgens on the development of neural circuits that respond to 
estradiol and progesterone in adulthood, producing female sexual behavior* 

Pheromones can affect sexual physiology and behavior. Odorants present in the urine 
of female mice affect their estrous cycles, lengthening and eventually stopping them (the 
Lee-Boot effect). Odorants present in the urine of male mice abolish these effects and cause 
the females' cycles to become synchronized (the Whitten effect), (Phenomena similar to the 
Lee-Boot effect and the Whitten effect also occur in women.) Odorants can also accelerate 
the onset of puberty in females (the Vandenbergh effect). In addition, the odor of the urine 
from a male other than the one that impregnated a female mouse will cause her to abort 
(Bruce effect). 

In the hamster the attractiveness of an estrous female to the male derives in part from 
chemicals present in her vaginal secretions, detected by the olfactory epithelium and 
vomeronasal organ. Connections between the olfactory system and the amygdala appear to 
be important in stimulating male sexual behavior. 

The search for sex attractant pheromones in humans has so far been fruitless, although 
we might well recognize our sex partners by their odors. Some studies have found that com¬ 
pounds present in human sweat have different effects on the mood states of men and 
women. 

The behavioral effects of prenatal exposure to androgens in humans, if any, are not 
well understood. Studies of prenatally androgenized girls suggest that organizational effects 
might well influence the development of sexual orientation; androgenlzation appears to in¬ 
crease the incidence of homosexuality. If androgens cannot act (as they cannot in cases of 
androgen insensitivity syndrome), then the person's anatomy and behavior are feminine* 
Testosterone has an activational effect on the sexual behavior of men, just as it does on the 
behavior of other male mammals. Women do not require estradiol or progesterone to ex¬ 
perience sexual interest or to engage in sexual behavior. These hormones may affect the 
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quality and intensity of their sex drive. Studies suggest that variations in levels of ovarian 
hormones across the menstrual cycle do affect a woman's sexual interest but that other fac¬ 
tors (such as initiation of sexual activity by partners or a desire to avoid or attain pregnancy) 
can affect behavior. In addition, the presence of androgens may have a facilitating effect in 
women's sexual interest. 

Sexual orientation (that is, heterosexuality or homosexuality) may be influenced by pre¬ 
natal exposure to androgens. So far, researchers have obtained evidence that suggests that 
the sizes of three brain regions are related to a man's sexual orientation. In addition, twin 
studies suggest that heredity may play a role in sexual orientation in both men and women. 

THOUGHT QUESTION 

Whatever the relative roles played by biological and environmental factors may be, most 
investigators believe that a person's sexual orientation is not a matter of choke. Why do 
you think so many people consider sexual orientation to be a moral issue? 




Neural Control of Sexual Behavior 


Tlic conirol of sexual behavior—ai least in labf>raiory animals—involves dilferent 
hvmn ineclianisnis in males and females. This section describes liiese mechanisms. 


Males 

Erection and cgacnlation are controlled by circuits of neurons that reside in the 
spinal cord. Jfowever, brain mechanisms have both excitatory and inhibitory control 
of these circuits. The medial preoptic area (MPA), located just rostral to the bvpo- 
thalamus, is the ibrebrain region most critical for male sexual behavior. (As vve will 
see later in this chapter, it is also critical for other sexually dimorpliic behavior, in- 
chiding maternal behavior,) Electrical stimulation of this region elicits male cupu- 
iatory behavior (Malshury, 1971), and sexual activity increases ilie firing rate of 
single neurons in the MPA (Shimura, Yamamoto, and Shimokoebi, 1994; Mas, 1995), 
In addition, the act of coptilation increases the metabolic activity of tlie xMPA and in¬ 
duces the production of Fos protein (Oakniii et al., 1989; Robertson el ah, 1991; 
Wood and Newman, 1998), (The significance of the Eos protein as an indicator of 
neural activation was discussed in Chapter 5.) Finally, destruction of the MP,A abol¬ 
ishes male sexual behavior (Heimer and Larsson, 19(>6/19<>7). 

The organizaiifmal effects t>f androgens are responsible for sexual dimorphisms 
in brain structure, Gorski el al. (1978) discovered a nucleus within the MPA ofihe 
rat that is three to seven limes larger in males than in females. This area is called (ap- 
prf)priateiv enough) the sexually dimorpliic nucleus (SDN) of the preoplic area, 
Tlie size of this nucleus is controlled by the amoiini of androgens present during fe¬ 
tal development. According to Rliees, Shryne, and fiorski (1990a, 1990b), the criti¬ 
cal period for masciilinizauon of the SDN appears to .start on the eighieentli day of 
gestation and end once the animals are live days<»ld. {Normally, rats are burn on the 
twenty-second day of gestation,) 

OfTourse, the MIVVdoes not stand alone. It receives ciiemoscnsory input from 
the vomeronasal organ through conneciions with the inedial aniygtlala and the bed 
nucleus of the stria tenninalis (BNST), Tlie MPA also receives soinaiosensory inf or¬ 
mation from the genitals tlirougfi ronnectiotis with the central legmen tal field ofihe 
midbrain and the medial amygdala. (See Figt4re 9J2.) 

rhe medial amygdala, like the mefUal preoplic area, is sexually dimorphic: One 
region within this structure (which contains an especially high coiicenii ation of an¬ 
drogen receptors) is 85 ]>erceni larger in male rats llian in female rats (Hines, Allen, 
and (iorski, 1992), In addition, destniciion of the medial amygdala disi iipts the 


medial preoptic area (MPA) An 

area of cell bodies just rostral to 
the hypothalamus; piays an essen¬ 
tial role m male sexual behavior, 

sexually dimorphic nucleus A 

nucleus in the preoptic area that is 
much larger in males than in fe¬ 
males; first observed in rats; plays 
a role in mate sexual behavior 
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Figure 9.12 


Cross sections through the rat brain showing the location of the 
medial preoptic area, the medial amygdala, the bed nucleus of 
the stria terminalis< and the central tegmental field of the 
midbrain. 
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Adapted from Swanson, L, W Brain Maps: Structure of the Rat Brain. New 
York: Elsevier, 1992 


sexual hcluivit^r ol iiialc rats. l)eJon^e CH aL {1992) [nuud 
that tile raLs with these lesiutis itjok longer tf> inotini re¬ 
ceptive [eiiiales and to ejaculaLe. \Aood and Newman 
(1993) observed dial maiiiig iiic i eased the jjrnduction of 
Ktis |>iY)lein in ilie medial amvgdala. 

Androgen.s exert their activational effects on neiinnis 
in die MPA and associated brain regions, Ifa male rodent 
is castrated in adulthood, its sexual behavior will cease, 
Howevei; die IxHiavior can he reinstaierl by implanting a 
small ainoimi of tesiosierone rlirecilv inttr the MPA or in 
two regions whose axons prtjject to the MPA: the cenlral 
tegmenial Held and die medial amygdala (Sipos and 
Nyhy, 199b: Oiolen and Wood. 1999). Both of these re¬ 
gions contain a higli concentraLion of androgen recep¬ 
tors in tile male rat brain (Clottingham and Pfaff, 198b). 

Tile motor neurons that innervate the pelvic organs 
involved in copulation are locaterl in die dorsometlial anti 
dorsolateral nuclei of the lumbar and sacral regitju.s of 
the s[jinal cord. Anatomical tracing suidies suggest that 
the most iniporlani connectit ins between the MPA and the 
motor neurons of tlie spinal cord are accomplisbed 
throngli the periaqueductal gray matter (PAG) of the mid- 
brain and the nucleus paragigantoceUularis (PGi) of the 
medulla. (See Murphy and HofTnian, 2091, for particular 
references.) The P(ii has inliihitorv effects on spinal cord 
sexual reflexes, so one of the tasks of the pathway origi- 
iialing in the MPA is to .suppress this inhibilitjn (Marson 
and McKenna. 1990), Excitatory input to the spinal mech¬ 
anisms from the MPA appear to be eonveved via the PACi. 

Figure 9T3 summarizes the evidence I have pre¬ 
sented ill this section, (See Fi^ire 9.13^) 


Figure 9.13 

A possible explanation of the interacting excitatory effects of pheromones, genital stimulation, and 
testosterone on male sexual behavior. 
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Figure 9.14 
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Females 

Just as the MPA plays an essential n>le in male sex hehav- 
iut; another region in the ventral forebraiji j)lays a similar 
role in female sexual beliavior: the ventromedial nucleus 
of the hypothalamus (VMH). A female rai with bilateral 
lesjoivs of the ventromedial nuclei will not tlisplay loi do- 
sis, even if she is treated with esiradi(»l and pn)gesierone. 

('onverselv, electrical stimulation oldlie ventromedial nu¬ 
cleus facilitates female sexual behavior (Pfaff and 
Sakuma, 1979). (See Figttre 9J4.) 

As we saw in the ]:)ievious sectifin, the medial amyg¬ 
dala 4>f males receives chemosensory infoniiation from the 
vomeronasal system and somatoseiisoi v inforniation from 
the genitals, and ii sends elferent axons to the medial pre- 
optic area. Pliese connections are found in females as well. 

In addition, netn ons in the medial amygrlala also send ef¬ 
ferent axons to the VMM. In laci, copulation or mecliani- 
cal stimulation of the genitals or flanks increases the 
prorliiction of Fos protein in both the medial amygdala 
and the \'M1I (Pfaus et ak, 1993; Tetel, (ietzinger, anti 
IMausiein, 1993). 

As we saw earlier, sexual bebavit>r of female rats is ac- 
livaied l>y a priming dose 4>I estradiol, IbHtJwed by pi'og- 
esiertme. 1 he estrogen sets the stage, st> lo speak, and the 
progesterone stimulates the sexttal beba\'ior. Injections (d' 
these 1 ionntHies tlirectly into the VMll will stimulate sex¬ 
ual licliavior even in females whose tivai ies liave been re- 
movetl (Riihiii and l^arfield, 1980; Pleiiu anti Rarfieltl, 

1988). .And if a chemical that blocks the ]>rodncMon ot 
[>rogesierone receptors is injected init) the VAll I, ilie an¬ 
imal's sexual l>ehavior is di.srupiefl (Ogawa et al., 1994), 

fhns, estradiol and [>r<jgesien>ne exert their ef fects tm female sexual behavior bv ac¬ 
tivating neurons in this nucleus. 

Rose (1990) recorded Irom single neurons in the veniromedial hypotlialamus 
of fieelv nnyving female hamsters and found that injections ol progesterone (Ibl- 
lowing estradiol jjretreatmtmt) increaserl the activiiv level ofAliese neurrms, partic¬ 
ularly when the animals were dis[>laying lorilosis, let el, (adeniano, aiui lilanstein 
(1994) found that neurons in both the \'M11 and tlie medial amygdala that sliowed 
increased Fos production when the anirnars genitals were siijnulaied alst^ contained 
estrogen recepten s, rims, the stimulating effects of esti adiol and genital stimulatitin 
converge on the same neurons. 

The neurons of the ventromedial nucleus send axons to the periaqueductal grav 
matter (PAC i) of the inidbrain, which surrounds die cerebral af[neduct. This region, 
too, lias been impHcatefi in female sexual behavior; Sakuma and Pfal) (1979a, 
1979b) found diat electrical stimulation of the PACi facilitates lordosis in female rats 
and that lesions there disi iijii it. In addition, Hennessey et ah (1999) foniul lliai le¬ 
sions tliat disconnect the\'Mi 1 from the PACi abolish female sexual beltavit>iv Finally, 
Sakuma and Pfalf (I98()a, 198()l>) found that estradiol treatineui err electrical siirn- 
nlalitjn ofThe veiuromedial nuclei increased ilie firing rale of iieurons in the PACi. 
(The PACi contains both estrogen ;ind progesterone receptors,) 

Daniels, Miselis, and FlanaganA^aui (1999) injected a iransnenronal retrograde 
tracer, psendorabies virus, in the muscles responsible for the lordosis response in ie- 
male rats. Fhey found that the pathway innervaiing these muscles wa,s as jjrevions 
studies f)redicted: VMH —^ PACi —> meflnllary reticular formation —> motor neurons 
in die ventral born of tlie lumbar region olTlie spinal cord. 


A cross section through the rat brain showing the location of the 
ventromedial nucleus of the hypothalamus. 
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periaqueductal gray matter 
(PAG) The region of the midbrain 
that surrounds the cerebral ague- 
duct, plays an essential role in var¬ 
ious species-typical behaviors, 
including female sexual behavior. 

nucleus paragigantocellularis 
(PGi) A nucleus of the medulla 
that receives input from the me¬ 
dial preoptic area and contains 
neurons whose axons form 
synapses with motor neurons in 
the spinal cord that participate in 
sexual reflexes in mates 

ventromedial nucleus of the 
hypothalamus (VMH) A large 
nucleus of the hypothalamus lo¬ 
cated near the walls of the third 
ventricle; plays an essential role m 
femaie sexual behavior. 
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Figure 9.15 

A possible explanation of the interacting excitatory effects of pheromones, genital stimulation, and 
estradiol and progesterone on female sexual behavior. 
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As wt^ saw in the prcvitnis siibsrclion, ihc lirain R^^ions that contnjl male j^eni- 
tal jeilexes iiRTucle lire MPA, PACi, and P(ii. Marson (1993) injected pstardurahies 
virus iiiic) the cTiun ises uf female rats and fnuiul retrograde labeling in these three 
hi ain sLrnctiires (and some others, as well), d ims, it seems likely that erections of tire 
[jenis and clitoris are con no! led by similar lira in inechanisins. Tliis finding is not sur¬ 
prising, heranse these organs derive from tlie.same eml)i yonic tissue. 

Figure 9.15 sninmari/es the evidence I have presented in lliis section. (See Fig¬ 
ure 9.75.) 


INTERIM SUMMARY 


Neural Control of Sexual Behavior 

In laboratory animals different brain mechanisms control male and female sexual behavior. 
The medial preoptic area is the forebrain region that is most critical for mate sexual behav¬ 
ior, Stimulating this area produces copulatory behavior; destroying it permanently abolishes 
the behavior. The sexually dimorphic nucleus, located in the medial preoptic area, develops 
only if an animal is exposed to androgens early in life. Its destruction impairs male sexual be¬ 
havior. This nucleus is found in humans as well. 

Neurons in the MPA contain testosterone receptors. Copulatory activity causes an in¬ 
crease in the activity of neurons in this region. Implantation of testosterone directly into the 
MPA reinstates copulatory behavior that was previously abolished by castration In adult¬ 
hood. Neurons in the MPA are part of a circuit that includes the periaqueductal gray mat¬ 
ter, the nucleus paragigantocellulans of the medulla, and motor neurons controlling genital 
reflexes in the spinal cord. Connections of the PGi with the spinal cord are inhibitory. 

The most important forebrain region for female sexual behavior is the ventromedial nu¬ 
cleus of the hypothalamus (VMH). Its destruction abolishes copulatory behavior, and its stim- 
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ulation facilitates this behavior. Both estradiol and progesterone exert their facilitating ef¬ 
fects on female sexual behavior in this region, and studies have confirmed the existence of 
progesterone and estrogen receptors there. The steroid-sensitive neurons of the VMH send 
axons to the periaqueductal gray matter (PAG) of the midbrain; these neurons, through 
their connections with the medullary reticular formation, control the particular responses 
that constitute female sexual behavior 




Parental Behavior 


In most iiiiunmiiliuii species i epruchicti\e befuivior Uikes place aiier the oiTspring are 
born as well as ai ilie time they are eonceivccl. Tliis seetkm examines tlie role ol hot- 
iiiortes in the initiaiion and mainienance ttfmaiernal behavior and the role of tire 
neural circuits that are responsible for tlieir expression. Most of the research has in¬ 
volved rodents; less ts known abt>iii the neural and endocrine bases of maternal be¬ 
havior in priniaies. 

Alihougii most research (tn die ]^hvsit>l<tg\' of parental behavior has focused on 
maternal behavioi; some researchers are now sttidylng paternal behavior shown by 
the males of some species of rodents. It goes without saying that iiunian paieiiial be¬ 
havior is very important for the offspring of our species, but the physiological basis 
of diis behavior has not vet been studied. 


Maternat Behavior of Rodents 

The final Lest of the fiiness of an aniniafs genes is the number of olfspring that sur¬ 
vive to a repnxkictive age. Just as die [>rocess of natural selection favors reprtiduc- 
tively conijjeteni aiiimals, it favors those lliai care adetjuately for iheii youngs if iheit 
yoimg in fact require care. Rat and mouse [>ups certaiidy do; diev caimoi survive 
wiiliout a mother to aiiend to their needs. 

At birth rats and mice reseml;ile fetuses. Tlie inlants are blinri (their eyes are still 
sluit), and they can only wriggle liel[>lessly, Thev are poikilothermous (Vold- 
bk)oded”); their brain is not yet developed enough to regulate body temperature. 
They even lack the ability to release liieir own m ine and feces spontaneously and 
must be Itelped to do so by their mother. As we will see shortly, this phettomenon ac- 
inallv serves a uselul function. 

During gestation female rats and mice build nests. The form this structure takes 
depends on the maierial available for its construction. In the lalxiraiorv the animals 
are usuallv given strips of paper or lengths of ro[X' or iwine. A good hro<fd tiesi, as it 
is called, is shown in Figure d, lb(a), T his nest is made of hemp rope; a piece of die 
rope is shown below die nest. T1te mouse laboriously shreflded the rope and then 
wove an enclosed nest, with a small hole for access to the inierior, (See Figttre 9J6a.) 

At the time of parturition (delivery of olTspring) the female begins togictoni and 
lick the area around her vagina, /\s a pup begins to emerge, she assists die uterine 
con tract ions hv pulling the [)U[> out witli her teeth. She then eats the placenta and 
umbilical cord and cleans off the fetal membranes—a quite {lelicate operation. (A 
newborn pup looks as though it is sealed in very thin plastic wrap,) Alter all the pups 
are horn and cleaned np, tlie mother will probably nurse them. Milk is usually pre¬ 
sent lu the mainniary glands very near the time of birth. 

Periodically, the mothei licks die piqjs* anogenital region, stimulating rellexive 
urinal icm and defecation, Friedman and Finmo (1976) ha\e shown the utility of this 
rtiechanism. riiey noted that a lactating female rat pro<hices apf>roximately 48 grams 
(g) of milk on the tenth day of lactation. I'lii.s milk contains approximately -B millb 
lileis (ml) (>iAvalei\ The experimenters injecied some of the pups with tritiaterl (ra¬ 
dioactive) water mul later found radioactivity in tlie mother and in the Utter mates. 


parturition (par few ri shun) The 
I act of giving birth. 
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Figure 9.16 

(a) A mouse's brood nest. Beside it is a length of the kind of rope the mouse used to construct it. 

(b) A female mouse carrying one of her pups. 



I'hey calculatcxl tUat a lactaling rai tiortnally t(>nsiiiiu"s 2) ml <jI water in ihv urine 
nriu'r yntmg, thus rvcytling approximately twothirrls of tfie tvatcr sfic gives lo tlic 
[)n[>s in tfic form of milk. The water, Lraclcfl back and forth f)et\veen mother and 
yt)Uiig, serves as a vehicle for ilie nutrieiUs—fais, protein, and sugai-—conlained in 
milk. Eiecanse eacli day tlie milk pir>dueliun of a lactaLing rat is a[>[>roxiJiiatcly 14 
[>erceni of her body weight {fo[‘ a hiniian weighing 120 pounds, tliat would he 
around 2 gallons)^ the recycling is extrenielv iisefnl, especially wlien the avaiiahilitv 
oJ‘ water is a problem. 

Besides cleanings musing, and jjinging lier c)n‘spnng, a female rodent will re¬ 
trieve pups if they leave or are removed fiT>m the nesr T'he mother wtll e^'en con¬ 
struct anotlier riesi in a new location and move her litter there, should the 
conditif)iTs at the old site* become unfavorable (for example, wfieii an inconsiderate 
experimenter ]3uis a heat lamp over it). 4 he way a fcjiiale rodent picks up lier [3up 
is quite consistent: Slie gingerly grasps the animal by the hack, managing not to in¬ 
jure it with her very sharp teetli. (1 can personally attest to the ease with vvliich these 
teed) can ])eneirate skim) She then carries the pn[> with a characierisiic [>rancing 
walk, her head held liigh. (See Fi^tre 9.16h.) Tlie pup is brought f>ack to the nest 
and is left there, Tlie female then leaves tlie nest again to search for another pup. 
She Cfiiuilines to retrieve |3ups uniil sfie finds no more: she does not count lier jjups 
anti stop retrieving wlien tliey are all hack. A mouse or rat will ustially accept all tlie 
pups she is olTeretk if they are young enough. I once observed two laciating female 
mice with nests in corners of the same cage, diagonally o[}pt)siie eacli other. 1 dis¬ 
turbed their nests, which triggered a Iting bout of retrieving, dining wliich eacli 
modier stole youngsters frtini the oiber's nesi. Tlie motbers kept u[> their exchange 
for a long time, jiassing eaeli other in the middle of the cage. 


Hormonal Control of Maternal Behavior 

As we saw' earlier in this chapter, most sexnaily dimorphic behaviors are conirolled 
by the tirgani/ational atid acnvaiional eff ects of sex hormones. Malernal beliavior is 
somewiiai difTereni in (bis respect. First, there is no evidence tliat organizational el- 



fects oriiomioiies play a role; as we will see, under ihe proper conditions even males 
will lake care orinfanis. {Obviously; tliey caunol provide dieni willi niilL) Second, 
aUboii^h maieniai behavior is adected by honinnies, ii is noi fonlrolhd bv liienn 
Most virgin iemale rats will begin to retrieve and care for young pups after having 
infants placed with them iVjr several days (VViesner and SIteard, 19'^'^). And once ihe 
rats are sensitized, lltey will thereafter take care of'pups as soon as they encounter 
chem; sensiti/.atit)n lasts for a lifetiuie. 

Although iKHinones are not essential for the activation of maternal behavior, 
mauv aspects of niaternal behavior are laciliiated by hormones. Xest-builcling behav- 
ioi“ is facilitated by pi’ogesteronc, the j^rincipal hormone of pregnancy (Lisk, Preilow, 
and Friedman, 1969). After parturition, mothers continue to maintain theii nests, and 
lliev construct new nests if necessary, even tfiough their blood level of progesterone is 
very low then. Vbci and (larlson (1973) found that livpothalamic implants nl'prolactin 
as well as progesterone facilitated nest building in virgin female mite. Presumably, nest 
building can be facilitated by either hormone: progesterone during pregnancy and 
prolactiti iiflct parturiliom Prolactin, produced by the antenor pituitary gland, i.s re¬ 
sponsible foi milk production. L’nlike many other peptides, special mechanisms trans¬ 
port this hormone from the blood into the brain (CnaUan et al, 2001). 

'Mthoitgh pregnant female rats will not immediately care for foster pups that are 
given to them during pregnancy, ihev will do so as soon as iheii‘ pups are born. The 
hormcmes that influence a femafe rodent's responsiveness to her offspring are ihe 
ones tliat are present shorllv heinre parturition. Figure 9,17 shows ilte levels of 
ilie three hormones that have been implicated in maternal behavior: progesterone, 
estradiol, and prolactin. Note that just before parturition the level of estradiol begins 
rising, then the level of progesterone falls dramatically, followed by a sharp increase 
in prolactin. (See Figure 9A7J) If ovariectomized virgin female rats are given estra¬ 
diol and progesterone in a pattern that duplicates this sequence, the time it lakes to 
sensitize iheit maternal beha\ior is drasiicalK reduced (Moltz, Lubin, Leon, and Xu- 
man, 1970; Bridges, 1984), Prolactin is not necessary. 


Figure 9.17 

Blood levels of progesterone, estradiol, and prolactin in pregnant rats. 


Prolactin Estradiol Progesterone 
(ng/ml) (ng/ml) (ng/ml) 



Insemination Pregnancy Parturition 


Froin Rosenblatt, J. S,. Siegel, H. I., and Mayer, A. D. Advances rn the Study of Behdvtor, 
1979. ?a 225-310, 
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Aiioihor hc>! tnuiic ihai is prcsciiL lactaiian-—[>n>lactiii—rnav also havo 

siiiiiulaiin^ ofTocis on luaienial bofiavior; aticl iis of lbris, [ike those of estradiol, iiiav 
he exerted in the medial preo])iie area. Brid^res ei ak (HHM)) iniused niiiiute c]uan- 
tiiies of prolaetin into live lateral ventricles or directly into ilie MPA of virj^in female 
rats. They found that the animals qincklv began taking care cjf pups. The effect oc- 
cinied only it the animals were hrsi given a series of injeetions of progesterone and 
estradiol; thus, the maternal behavior <jf normal females niav depend on an inter¬ 
action between several fionnones* Lucas et al. (U198) found that mice willi a tar¬ 
geted mutation against the gene for the prolactin recepior showed deficient 
maternal l>eha\ it)r, which sujjpoils the im[jortance of [>rolactin in tins behavior. 


Neural Control of Maternal Behavior 

fhe medial preoptic area, the region ttf the forebrain that plays the most critical role 
in male sexual behavior, appears to play a similar role in maternal behavior, Numan 
(1974) found that lesions of the MPA disrupted both nest l^iiilditig and pup care. 
The mothers simply ignored their offspring. However, female sextial behavior was 
unaffected by these lesions, ^ 

As yon learned earlier, in the discussion of the neural basis of male sexual be¬ 
havior, the MPA sends axons to the midbrain and lower brain stem, Numan and Nu¬ 
man (1977} found that neurons of the MPA tliai were activated bv the performance 
of maternal behavior (as indicated by the production of Fos protein) sent their ax¬ 
ons to two regions of the midbrain: the ventral legmeiual area (\TA) and 
retrornbral field. The retrornbral field of the midbrain sends axons to regions of the 
brain stem reticular ibrmation that may be Involved in tlie expression of maternal 
behavivir. ( anting the connections of the MPA with the brain stem abolishes mater¬ 
nal behavior (Numan aiul Smith, 1984). 

The medial preoptic area appears to be the place where estradiol affects mater¬ 
nal behavior. The MPA contains estrogen receptors (Pfaff and Keiner, 1978), (iior- 
tiano et al. (1989) found that the concentration of estnjgen receptors in the MPA 
increases during pregnancy and appears to reflect the priming effect produced by 
tlie sequence of hoj niones that occurs during pregnancy. In addition, direct im¬ 
plants of estradiol in die MPA facilitate maternal behavior (Numan, Rosenblatt, and 
Komisanik, 1977), and injections of an antiestrogen into the MPA block it (Adieh, 
Mayer, and Rosenblatt, 1987), 

Prolactin also appears to affect maternal beha^ ior by acting on netirons in the 
MPA. Bridges et ai. (1990) found that an inftision of prolactin into the MPA of vir¬ 
gin female rats that had been primed with esti adiol and progesterone stiundated ma¬ 
ternal behavior. 


Neural Control of Paternal Behavior 

Newbtjrn infants of most species of mammals are cared for bv ibeir mother, and it 
is, of coui se, their mother that feeds them. However, males of a few species of ro¬ 
dents share ihe task of infant care wiih die mothers, and the brains of ilvese run tur- 
ing fathers sliow some interesting fliffbrences compared with those of non paternal 
(athers of other species. 

Several laboratories have been invesiigating parental behavior in some closely 
relaieti species of voles (small jodents that are often mistaken for mice). Prairie voles 
(MinotUS o(/ifVf^astet) and pine voles {Mirmfus fuftHomm) are moiuigamous; males 
and females foi ni pair bonds after mating, and tlie fathers help to care for the piqis. 
Montane voles (Mirmtus montffuus) and meadoiv voles (Mirrotus fmiusx/vfinims) are 
promiscuous; after mating, the male leaves, atul the mothei- cares lor the pups bv 
her sell. The si^re of the MPA, which plavs an essential role in maternal behavior, 
shows less sexual dimorpliism in monogamous prairie voles than in ]:)ronnsctunis 
moniane voles (Slia}jiro et al., 1991). 


Parental Behavior ^ 
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Kirkpatrick, Kim, and Insel (1994) tVniiid d)at when male prairie vt>les were ex^ 
pt>sed to a [ 3 up, FoJ 4 jjinduciion increased in die MPA (and also several other re¬ 
gions ol the Idrebraiii), In adfliiion, electrolytic or exchoioxir lesions oj the MPA 
[>rodiice severe deficits in paienial behavior of tnale rats (Rosenblatt, Ha/elwt>od, 
and Poole, 1996; Sturgis and Bridges, 1997). Finally, itnplanis of estradiol in the MPA 
of male rats shortened the lime it took to stinnilate palernal behavior by exposure 
to pups. Thus, the MPA appears u> play a similar roles in parental behavior ofdxith 
males and (emales. 


INTERIM SUMMARY 


Parental Behavior 

Many species must care for their offspring. Among most rodents this duty falls to the mother, 
which must build a nest deliver her own pups, clean them, keep them warm, nurse them, 
and retrieve them if they are moved out of the nest. They must even induce their pups' uri¬ 
nation and defecation, and the mother's ingestion of the urine recycles water, which is of¬ 
ten a scarce commodity. 

Exposure of virgin females to young pups stimulates maternal behavior within a few 
days. The stimuli that normally induce maternal behavior are those produced by the act of 
parturition and the hormones present around the end of pregnancy. Nest building appears 
to be facilitated by progesterone during pregnancy and by proiactin during the lactation pe¬ 
riod. Injections of progesterone and estradiol that duplicate the sequence that occurs dur¬ 
ing pregnancy facilitate of maternal behavior, as does injection of prolactin directly into the 
brain. 

The medial preoptic area is the most important forebrain structure for maternal be¬ 
havior, and the ventral tegmental area and retrorubal field of the midbrain are the most im¬ 
portant brain stem structures. Neurons in the medial preoptic area send axons caudally to 
the ventral tegmental area and the retrorubral reticular formation of the pons and medulla. 
If the connections of the MPA with the brain stem are interrupted, rats cease to provide ma¬ 
ternal care. 

Paternal behavior is relatively rare in mammalian species, but research indicates that 
sexual dimorphism of the MPA is less pronounced in male voles of monogamous, but not 
promiscuous, species. Lesions of the MPA abolish paternal behavior of male rats, and im¬ 
plants of estradiol in this region facilitate it. 

THOUGHT QUESTION 

As you saw, both male sexual behavior and maternal behavior are disrupted by lesions of 
the medial preoptic area: thus, the MPA performs some functions necessary for both be¬ 
haviors. Do you think that the functions are common to both categories of behavior, or 
do you think that different functions are involved? If you think the former possibility is 
true, what might these functions be? Can you think of any common features of male sex¬ 
ual behavior and maternal behavior? 


EPILOGUE 


From Boy to Girl and Back Again 


Unfortunately, the case of Bruce/Brenda 
was not what it seemed to be (Diamond 
and Sigmundson, 1997). It turned out 
that although Brenda did not know she 


had been born as a boy, she was un¬ 
happy as a girl. As her twin brother said, 
"I recognized Brenda as my sister, [b]ut 
she never, ever acted the part. . .. When 


I say there was nothing feminine about 
Brenda, .,. I mean there was nothing 
feminine. She walked like a guy. Sat 
with her legs apart. She talked about 
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guy things, didn't give a crap about 
cleaning house, getting married, wear¬ 
ing makeup, ,., She played with my 
toys: Tinkertoys, dump trucks. This toy 
sewing machine she got just sat'' (Colap- 
into, 2000, p. 57). 

Brenda's childhood was lonely and 
miserable. She had no real friends. She 
was teased by her classmates, who rec^ 
ognized that there was sornething dif¬ 
ferent about her. Brenda tried, unsuc¬ 
cessfully, to convince the girls in her class 
to play games like boys played. One of 
her classmates asked the teacher, "How 
come Brenda stands up when she goes 
to the bathroom?" (Colapinto, 2000, 
p. 61). When Brenda was seven years 
old, she daydreamed of herself as a man 
with a mustache, driving a sports car Yet 
reports of her case described "the identi¬ 
cal twin boy whose penis was cauterized 
at birth and who, now that his parents 
have opted for surgical reconstruction to 
make him appear female, has been sail¬ 
ing contentedly through childhood as a 
genuine girl" (Wolfe, 1975, quoted by 
Colapinto, 2000, p. 107). 

In the summer of 1977 Brenda began 
taking estrogen pills to stimulate the 
changes that normally occur at puberty. 
The hormone caused her breasts to 
grow, which mortified her. She began to 


overeat so that her breasts would be 
hidden by fat; in fact, her waist grew to 
forty inches. She started throwing the 
estrogen tablets down the toilet, but 
when her parents discovered that she 
was doing so, they insisted on watching 
her swallow them. 

At age fourteen, Brenda stopped 
wearing girls' clothing. She began wear¬ 
ing a worn denim jacket, corduroy 
pants, and heavy workman's boots. Her 
classmates continued to taunt her. As 
one said, "You're a f—ing goriUa” (Co¬ 
lapinto, 2000, p. 165). 

By this time the family was in tur¬ 
moil. Finally, Brenda's father explained 
what had happened, "He told me that I 
was born a boy, and about the accident 
when they were trying to circumcise me, 
and how they saw all kinds of specialists, 
and they took the best advice they had 
at the time, which was to try to change 
me over. My dad got very upset" (Colap¬ 
into, 2000, p. 180), 

Brenda received this revelation with 
great relief. She (now I should say "he") 
stopped taking estrogen pills, had a 
mastectomy, and began taking testos¬ 
terone pills. Later, he underwent several 
operations that included construction of 
a penis and implantation of plastic tes¬ 
ticular prostheses, designed to provide 


an appearance as normal as possible. He 
changed his name to David, He is now 
happily married and has adopted his 
wife's children. After several years of 
anonymity David decided to reveal his 
identity. A book has told his story (Co¬ 
lapinto, 2000), and a 2002 teJevIsion 
documentary {Nova's "Sex: Unknown") 
presented interviews with David, his 
mother, and others involved in this un¬ 
fortunate case. 

This case suggests that people's sex¬ 
ual identity and sexual orientation are 
strongly influenced by biological factors 
and cannot easily be changed by the 
way a child is raised. Presumably, the ex¬ 
posure of Bruce's brain to testosterone 
prenataily and during the first few 
months of life affected neural develop¬ 
ment, favoring the emergence of male 
sexual identity and an orientation to¬ 
ward women as romantic and sexual 
partners. Fortunately, cases like this one 
are rare. Another case of penile ablation 
in infancy followed by a sex reassign¬ 
ment was reported by Bradley et al. 
(1998), As a child, the girl was described 
as a "tomboy" but appears to have ac¬ 
cepted her identity as a female. How¬ 
ever, she described herself as primarily 
attracted to women and was currently 
living with a woman. 




KEY CONCEPTS 




SEXUAL DEVELOPMENT 

1. Cictider is cleieniiiticcl by the sex clironiosoines, whirli 
coiurt)! develupiiTcni of ihe gonads. Two lioi niones 
secreted bvihe tesies. testosterone and aiiti-MiTIlerian 
hormone, cause mascnlinization and dcieniini/ation, 
jespeciivcly; otherwise, the organism will he iemale. 

2, Sexual maturation occurs when ihv anterior piinitarv 
gland secretes gonadotropic hf>rmones, wiiich in¬ 
struct the gonads to secrete sex steroid iiormones. 

HORMONAL CONTROL OF SEXUAL BEHAVIOR 

■h Female reproductive cycles aie caused by imerac- 
lions l>elween the ovaries and ilie anterior pitiiitart' 
gland. 

4, Androgens cause beliavioral ma.sciilini/atioji atul de- 
feminizatioti by affeciing brain development, 

5, In mammals odier than primates, estradiol and pi og- 
esierone activate female sexual bel^avior. Testosterone 


activates male sexual behavior in all mammalian 


6. Pheromones, detected by the vomerona.sal organ or 
by the olfactory receptors, permit atnmals to affect 
llie reproductive status or sexual interest of otlier 
members of ilieir species by their mere presence. 

7. In humans organi/atioual effects of androgens mav 
maniiest themselves in sexual preference. .Androgens 
appear to Irave llie most important activaiiunal ef- 
iects for bolli men and women. 

NEURAL CONTROL OF SEXUAL BEHAVIOR 

8. In lahoratt:>ry animals the sexualIv dimorphic iiueleus 
of the medial preoptie area is critical for male sexual 
behavior, anti die ventromedial nucleus ofliie hypo¬ 
thalamus is critical for female sexual behavior. In ad¬ 
dition, sex hormones exert llieir liehavioral effects 
on neurons in these brain regions, and on those in 
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lilt* inctlial amygdala, wliicli receive pliemmone- 
rclated iidormalion, 

PARENTAL BEHAVIOR 

9. Maiernal behavior is influenced by hormones—pi i- 
inariiv estradiol and prolaciin—hui depends also on 


die siimuli provided l>y die lemale's offspring. So me 
of die neural circiiilry dial controls ihe heliaviors in¬ 
volves a palhway from die medial preoptic area to the 
ventral legmenial area. Tlie medial preoptic area also 
appears to be involved in paternal behavior. 
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CHAPTER OUTLINE 


■ Emotions as Response 
Patterns 

Fear 

Anger and Aggression 

Hormonal Control of 
Aggressive Behavior 

ir^TER^M SUMMARY 

■ Communication of 
Emotions 

Facial Expression of Emotions: 
Innate Responses 

Neural Basis of the 
Communication of Emotions: 
Recognition 

Neural Basis of the 
Communication of Emotions: 
Expression 

INTERIM SUMMARY 

■ Feelings of Emotions 
INTERIM SUMMARY 



* 1 1 


1 - Discuss the behavioral, autonomic, and hormonal components of an emotional 
response and the role of the amygdala in controlling them, 

2 , Discuss the nature, functions, and neural control of aggressive behavior. 


3- Discuss the role of the orbitof rental cortex in the analysis of social situations and 
I the effects of damage to this region, 

|| 4. Discuss the hormonal control of intermaie aggression and interfemale aggression, 

5. Discuss the effects of androgens on human aggressive behavior, 

I 6, Discuss cross-cultural studies on the expression and comprehension of emotions, 

I 7* Discuss the neural control of the recognition of emotional expression in normal 
I people and people with brain damage, 

I 8- Discuss the neural control of emotional expression in normal people and people 
I with brain damage. 

I 9, Discuss the James-Lange theory of feelings of emotion and evaluate relevant 
I research. 













PROLOGUE 


Intellect and Emotion 


Several years ago, while I was on a sab¬ 
batical leave, a colleague stopped by my 
office and asked whether I would like to 
see an interesting patient. The patient 
a 72‘year-old man, had suffered a mas¬ 
sive stroke in his right hemisphere that 
had paralyzed the left side of his body. 
Three of us went to see him: Dr. W.; Lisa, 
an undergraduate psychology student 
who was on a summer internship: and L 
Mr, V. was seated in a wheelchair 
equipped with a large tray on which his 
right arm was resting; his left arm was 
immobilized in a sling, to keep it out of 
the way. He greeted us politely, almost 
formally, articulating his words carefully 
with a slight European accent, 

Mr. V, seemed intelligent, and this 
impression was confirmed when we 
gave him some of the subtests of the 
Wechsler Adult intelligence Test. He 
could define rather obscure words, pro¬ 
vide the meanings of proverbs, supply 
information, and do mental arithmetic. 
In fact, his verbal intelligence appeared 


to be in the upper 5 percent of the pop¬ 
ulation. The fact that English was not his 
native language made his performance 
even more remarkable. But as we ex¬ 
pected, he did poorly on simple tasks 
that required him to deal with shapes 
and geometry. He failed to solve even 
the sample problem for the block design 
subtest, in which colored blocks must be 
put together to duplicate a pattern 
shown in a drawing. 

The most interesting aspect of Mr. 

V/s behavior after his stroke was his lack 
of reaction to his symptoms. After we 
had finished with the testing, we asked 
him to tell us a little about himself and 
his lifestyle. What, for example, was his 
favorite pastime? 

"I like to walk," he said, "I walk at 
least two hours each day around the 
city, but mostly I like to walk in the 
woods, I have maps of most of the na¬ 
tional forests in the state on the walls of 
my study, and I mark all of the trails Tve 
taken, I figure that in about six months I 


will have walked all of the trails that are 
short enough to do in a day. I'm too old 
to camp out in the woods." 

"You're going to finish up those 
trails in the next six months?" asked Dr, 
W. 

"Yes, and then 111 start over again!" 
he replied. 

"Mr, V,, are you having any trouble?" 
asked Dr, W, 

"Trouble? What do you mean?" 

"I mean physical difficulty," 

**Ho" Mr, V. gave him a slightly puz¬ 
zled look. 

"Well, what are you sitting in?" 

Mr, V, gave him a look that indicated 
he thought that the question was rather 
stupid—or perhaps insulting. "A wheel¬ 
chair, of course," he answered. 

"Why are you m a wheelchair?" 

Now Mr, V, looked frankly exasper¬ 
ated; he obviously did not like to answer 
foolish questions. "Because my left leg is 
pa ra lyze d!" he sn a pped. 


T f)e word can mean several tilings. Most of the time, it refers lo positive 

or tu'gative feelings that are produced bv particular siuiations, ¥ov example, 
being treated unlUirly makes us angry, seeing someone snlTer makes us sad, aiui 
being close Lt> a loved one makes us feel happy. Kmotitms consist of [)atterns oi’phys¬ 
iological responses and species-tvpical behaviors. Iti humans these responses are ac¬ 
companied by feelings. In fact, most of ns use the worci {'motion to refer to ihe 
feelings, not lo the behaviors. But it is behavior, and ntn private experience, tliai has 
consequences for survival and reproduction. Thus, the useful purposes served by 
emotional behaviors are what guided the evolution of our brain, Tlie fbelings that 
accompany these liehaviors came ratlier late in die game. 

This chapter is divided ttiio three majt>r secuotis. The first considers the jiatlerns 
of behavioral and physiological responses that conslttnie the tiegative emotions of 
fear and anger. It describes the nature ofthe.se respotise patterns and iheii neural 
and fiormonal control. The second section describes the conimnnicaiion of ein<>- 
lions—ifieir expression and recognition. The third section examines the nature of 
the feelings that acconi[)any emotions. 


i 


Emotions as Response Patterns 


An emotional l esponse consists ol three types ol^ components: hehaviorah auto¬ 
nomic, and iKirinonal. The component consists of muscular movements 

that are ap]>ro])nate to the situation that elicits them. For example, a dog defending 
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medial nucleus A group of sub- 
nudeE of the amygdala that re¬ 
ceives sensory input, including 
information about the presence of 
odors and pheromones, and relays 
it to the medial basal forebrain 
and hypothalamus. 

lateral nucleus (LA) A nucleus of 
the amygdala that receives sen¬ 
sory information from the neocor¬ 
tex, thalamus, and hippocampus 
and send projections to the basal 
accessory basat, and central nu¬ 
cleus of the amygdala. 

central nucleus (CE) The region 
of the amygdala that receives in¬ 
formation from the basal, lateral, 
and accessory basal nuclei and 
sends projections to a wide variety 
of regions in the brain; involved in 
emotional responses. 

conditioned emotional re¬ 
sponse A classically conditioned 
response that occurs when a neu¬ 
tral stimulus ts followed by an 
aversive stimulus: usually includes 
autonomic, behavioral, and en¬ 
docrine components such as 
changes in heart rate, freezing, 
and secretion of stress-related 
hormones. 


w w w.a b f o ng ma n xom/ca r I so n6 G 


ns territoi y against an iiiiruder ilrst adopts an aggressive posture, growls, and shows 
its teellh H’thc inlruder does not leave, tlie defender rnns tuwaitl it and attacks. AU’ 
toNomif responses facilitate tile behaviors and provide quick [iio]>ilizatic>n ofenergv' 
fur vigorous niovemetu. In this example the activity of the sympatheiic branch in¬ 
creases while that oi'the parasympaiheUc branch decreases. As a con.sequence, the 
clog's heart rate increases, and changes in the size of blood vessels shuiu the eircu- 
latitni of blood away from the digestive organs toward die iimseles. Iformonal re¬ 
sponses reinforce die autononiie responses, fhe hormones secreted by the adrenal 
medulla—epinephiane and norepineplirine—funher increase blood flow to llie 
muscles and cause nutrienLs stored in the muscles to be converted into glitcose. In 
addition, the adrenal cortex secretes steroid lionnunes, whicli also help to make glu¬ 
cose available to the muscles. 

This section discusses researcfi on the control of overt ennuional behaviors and 
the autonomic and liormonal resptmses dial accompany dietn. Special behaviors 
dial serve to communicate emotional stales to other animals, such as ilie dneai ge.s- 
inres that precede an actual attack and the smiles and frowns used bv humatis, are 
discussed in die second secdon oftlie chapter. As yon will see, negative emotions re¬ 
ceive much more aUeiition tlian positive ones. Most of the research on the pliysiol- 
og)' of emotions has been confined to fear and anger—emotions associated with 
situations in wliich we must defend ourselves or our loved ones. The pliysioiogv of 
behaviors associated with positive emotions—such as tliose asstieiated with love- 
making, caring for one's oi fspi ing, or enjoying a good meal or a cool drink water 
(or an alcoholic beverage)—^is described in otlier chapters hut not in tlie specific 
context of emotions. And Clhapter lb diseusses die consequences of situations liiai 
evoke negative emotions: stress. 


Fear 


As we saw* emotional resp<Hises involve behavioral, an toman ic, and liormonal com¬ 
ponents. These coiiiponems are controlled by separate neural systems. The 
tion of tlie coniponenis of fear appears to he ctunrolled by the amvgdaia. 


Research with Laboratory Animals 

The amygdala jjlays a special role in p]iysiol(>gical and behavioral reactions to 
objects and siiuaiions that have special biological signihcance, sucfi as those that 
warn of jiain or other impleasanl eonsequences or signify tlie presence of food, wa¬ 
ter, salt, potential males or rivals, or infants in need of care. Researcheis in several 
dif ferent lal>oratories liave shown that single neurons in various nuclei ofdhe amyg¬ 
dala become active when emotionally relevant stimuli are preseiued. Koj' example* 
these netiroiis are excited by such stimuli as tlie sight of a device that has been usetl 
to squirt either a bad-tasting solution or a sweet solution into the animafs mouth* 
the sound of another aiiimars vocalization, the sound of the o[>ening oi'the labora¬ 
tory tiooi; the smell orsmiikc* or the sight of amither aniniars face (O'Keefe and 
Bouma, 19(H); jacolis and McTrinty, 1972; Rolls* I9d2; Leonard ei al., 1985). And as 
we have already seen in CChapter 9* the amygdala is involved in die effects oi' 
pheromones on leproduciive pliysit)log\ and bchavioi (including maternal behav¬ 
ior), I’his section describes research on the role of the amygdala in organizing emo- 
u<mal responses protiueed by aversive stimuh, 

VUv amygdala (or, moi e precisely, the amygdaloid romfd^'x) is located within the 
temporal lobes. It consists of .several groups of iinclei, each with differeni inputs and 
outpiits^—and with differeni functions (Amaral ei ak* 1992; I’ilkanen ct al., 1997). 
Tlie amygdala lias heen subdivided into approximately tvvelve regions* each con¬ 
taining several subregions. However, we need concern fuirsclves with jnsi five major 
regions: the medial tiadea.s, tlie lain a! nuclf'us^ the ha.sal nailmis^ the acces.soyy basal nu- 
fleas^ and the (fot/rai nadmfs. 
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accessory 
olfactory bulb 


The medial nucleus consists of several suhnuclei tltai 
receive sensory input (inclutiinj^ infornialioii ai>oiil llie 
jjresence of odtns and pheromones) and relay the infor- 
nialion to the medial basal iorebrain and to the hypo- 
ilialamus* Repiodnciive Innciions oi die medial nucleus 
were riiscussed in C'liapLcr 9, Tile lateral nucleus (LA) re¬ 
ceives sensory ini’orniation I'nim the primary sensory cor¬ 
tex. association ct>rLex, thalamus, and hippocampal 
formation. The lateral nucleus sends information to 
odier pans of the brain, ineludin^ die ventral striatum (a 
region involved in the effeets of reinforcing stimuli on 
learning) and the dorsomedial nnclens of the thalamus, 
wliose projection region is the prelVontal cortex. The lat¬ 
eral nucleus also sends infVn'mation to the i>asal (B) and 
accessory basal (AB) nuclei. The LA, B, and AB nuclei all 
send information lo the central nucIeiLs (CE), which is tlie 
part of the amygdala iliat will most concern us in this 
chapter. Tlie central nucleus projects to regions of tlie hy¬ 
pothalamus, midhrain, pons, and medulla that are re¬ 
sponsible for the expression of the various components of 
emotional responses. As we will see, aciivati(>n of tlie cen¬ 
tral nucleus elicits a variety of emotional responses: he- 
haviorah autonomic, and htn nional. (See Figi^re lO.L) 

The central nucleus of the amygdala is the single 
most important part of the brain for the expression of 
emotional responses provoked by aversive stimuli. When 
threatening stimuli are presented, both die neural activ¬ 
ity of the central nucleus and the production of Fos pro¬ 
tein increase (Pascoe and Kiipp, 1985; Campeau et ak, 1991). Damage to the central 
nucleus (tir to the nuclei that provide it with sensory informatiou) reduces or abol¬ 
ishes a wide range of emotional behaviors and physiological responses. After the 
central nucleus has been destroyed, animals no longer show signs of fear when con¬ 
fronted with stimtdi that have been paired with aversive events. They also act more 
lamely when handled by humans, their blood levels of stress hormones are lower, 
and they are less likely to develop ulcers or oilier forms of stress-induced illnesses 
(Loover, Murison, and [ellestad, 1992; Davis, 1992b; LeDoux, 1992). In contrast, 
when the central amygdala is stimulated by means of clecirieiiy or bv an injection of 
an excitatory amino acid, the animal shows physiological and behavioral signs of 
fear and agitation (Davis, 1992b), and long-term siimulaiion of the central nucleus 
pn>duces stress-induced illnesses such as gastric ulcers (Henke, 1982), These obser¬ 
vations suggest that the autonmnic and endocrine responses com rolled by the cen¬ 
tral nucleus are among those responsible for the liarnii ul effects of long-term stre.ss, 
which are discussed in C'hapter 16. 

The central nucleus of the amygdala is particularly important for aversive emo¬ 
tional learning. A few stimuli automaticallv produce fear reactions—for example, 
loud unexpected noises, the approach of large animals, heights, or (for some 
species) sped he sotmds or odors. Even more important, however, is the fact that we 
can Imru that a particular situation is dangerous or threatening. Once the learning 
has taken place, wc will become frightened when we encounter that situation. Our 
lieart rate and bU>od pressure will increase, our muscles will become more tetrse, our 
afirenal glancls will secrete epinephrine, and we will proceed cautit)usly, alert and 
ready to responcl. 

l.et's exam i lie a sped He (if somewhat contrived) example. A condidoned emo- 
tionai response is produced hv a neutral stimulus that has been paired with an 
emotion-producing siirnnlus. For example, suppose you are helping a friend prepare 
a meal. You pick up an electric mixer to mix some batter for a cake. Before you can 


Figure 10.1 

A much-simplified diagram of the major divisions and connections 
of the amygdala that play a role in emotions. 
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Figure 10.2 

The procedure used to produce conditioned emotional 
responses. 
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liini tlic mixer on. the device makes a spuueriii^ noise and then gives you a painful 
elecirieai shock. Vour first resjKmse would be a rleltaisive reflex: You would lei go ol 
Llie mixer, which would end the shock. This lespojise is sfmiftr; it is aimed at terini- 
iiating the painful .stimulus. In addition, the jiainliil stimulus would elicit 
responses controlled h) your aiilonomie tiervous system: Your eyes would dilate, voiir 
heart rate and blood pi essure would increase. y<Jii would breathe lUster, and so on, 
Ihe painiul stimulus wrjuld also trigger the seereiion ofstnue stress-related hor- 
moiies. another nonspecific response. 

Supjiose that a while later yon visit your (i iend again and once m{>re agree to 
make a cake. Ydur friend tells you that tlie electric mixer is pel feetIv safe. It has been 
fixed. |ust seeing the mixer and ihtnking of holding it again makes vou a little ner¬ 
vous, hm yon accept your fi iend's assurance and pick it tip. just ilien, it makes the 
same sputtering noise that it did when it shocked you. V\'hai would your response be? 
Almost eertainly, you wotild drop the mixer again, even if it did not give you a shock- 
And your pupils would dilate, your heart rale and blood pressure would increase, 
and your endocrine glands would secrete some stress-related liormoties. In other 
words, the sputtering sound wottld trigger a conditioned emotional response. 

The word fomUiioned refers to the process of dussuai rondithming^ wiiich is de¬ 
scribed In more detail in C^hapter \2. Bricflv. classical conditioTUiig occurs when a neu¬ 
tral stimulus is regularly followed by a stimulus that amomatieally evokes a response. 
For example, if a dog regularly hears a hell ring just before it receives some food that 
tnakes it salivate. It will begin salivating as soon as It hears the sound of the bell. (\bii 
probably already know that this phenomemm was discovered bv Ivan Pavlov.) 

Several laboraUnies have investigated the role of the central nucleus of the 
amygdala in the development of classically conditioned emotional responses. Forex- 
ample, LeDoux and his colleagues have studied these responses in rats bv pairing an 
auditorv stimulus with a brief electrical shock delivered to the feet (reviewed hv 
l^eDoux, 1995). In their studies iliey presented an 8(KJ-Hz totie for 10 sec. and then 
they delivered a brief (0.5-sec) shock to the lloor on which the animals w'ere stand¬ 
ing. (See Figure 10.2.) By itself the shock produces an emotional re- 

spt^nse: The animal jumps into the air, its heart rate and blood pressure increase, its 
breathing becomes nture rapid, and its adrenal glands secrete catecholamines and 
steroid stress hormones. The exjjei imeniers ])i eseiUed several pairings of the two 
stimuli, which established classical conditioning. 

The investigators tested conditioned emotional responses the next dav by pre¬ 
senting the 800-Hz tone several times and measuring the animals' blood pressure 
and heart rate and observing their beliaWor, (This time, they did not present the 
sht>ek.) Upon hearittg the tone, the rats show'ed the same ivpe of physiological re¬ 
sponses as they had when they were shocked the previous day. In addition, they 
sliowed behavioral arrest—a species-npical defensive response called /rening. That 
is, ilie animals acted as if they were expecting to receive a shock. 

LcDoux and his colleagues have shown that the central nucleus is necessary for 
the development of a conditioned emotional response (LeDoux, 199.5). If this nu¬ 
cleus is destroyed, conditioning does not take place. In adcli- 
tion, LeDoux et al. (1988) destroyed two regions that receive 
ju f jeciions f 1 oin the central nucleus: the latei al hypodialamus 
aud the caudal periaqueductal gray matter. They found that le¬ 
sions of the lateral hypothalamus interfered with the change 
in blood pressure, w'hereas lesions of the periaqueductal gray 

_ matter interfered w'ith the freezing response. Thus, two dil- 

ierent mechanisms, both under the control ofihe central lui- 
eleiis of ilie amygdala, are responsible Inr the autonomic and 
beliavioral components of conditioned emotional responses. 

Research on the details of the physical changes responsi- 
hie for classical conditioning'—including the l ole of the cen- 
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iral iuK’lciist)f'ihe Hniyf^dala—has [>rovitlcd suinc liiLcrcsiiiijr iiiformatiort ahom llic 
pliysiolo^^ of learning and memory. I’lhs research will ]>e flisrvissed in more delail 
in ('hapier 12, 

Some of rhe elfecis oi anxiulydc (anxiety-redncing) drugs appear to be pro¬ 
duced ilirough ilie certiral iiucleus. Tlie amygdala a>ntains a high conceiuraiion ol’ 
hen/odia/epine receptors, especially the regions that project u> the central nucleus, 
and the central imcleiis itseircojitains a high cotKenii atitiri t>i opiate receptors. The 
inlusion cif either opiates or henzodia/.epine iraiKptiU/eis into the ainvgflala de¬ 
creases bfilh tlie learning aiui the ex[>resslon of conditioned emotional respotises 
(Kiipp et ah, 1982; Davis, 1992a). hi addition, Sanders and Shekhar (1995) found 
that an injection of a hen/odia/epine antagcmist into the amygdala blocked the anx¬ 
iolytic effects ol an intraperiioneal in]ecti(>n of chlordia/epf>xhle {Librium). Thus. 
tranquilizers and opi^^l^^ appear to exert their anxiolytic eiiect in tlie amygdala. It is 
possible that some other regions of the brain are also involved in die effects of these 
flrugs; \adin ei al. (1991) found that even after die atnygdala is destroyed, henzndh 
azepines still have some anxiolytic effect. 

As we will see in (lhapler 15, some evidence suggests that i ncreased activity of the 
neural mechanisms described in this section is associated with a fail Iv common cat- 
egtiry of psycliological disorders: the anxiriy ffisordm. Some investigators have sug¬ 
gested dial anxiety disorders are caused by liyperacuvity of the central iiucleus of the 
amygdala. Whether the primary cause of the increased anxiety lies within these cir¬ 
cuits or elsewhere in the brain has vet to he determined. 


Research with Humans 

A considerable aniuum of evidence indicates that the amygdala is involved in 
emotional responses in hnmans. One of the earliest studies observed the reactions 
of people who were being evaluated idr surgical removal of parts of the brain to treat 
severe seizure disorders. These studies found that stimulaiion of parts of the brain 
(for example, the hypothalamus) produced autonomic responses dial are often as¬ 
sociated with fear and anxiety but that only when the amygdala was stiiiuilaied did 
people also report that they actnally yc// afraid (W'hite, 1940; Halgren et ah, 1978; 
Gloor ei al., 1982). 

l.esions of the amygdala decrease people's emotional responses. Twt> studies 
(LaBar ei aL, 1995; Bechara ei al., 1995) found that people with lesions of the amyg¬ 
dala si lowed impaired acquisition of a conditioned emotional resjxitise, just as rats 
do. Damage to the amygdala also interferes with the effects of emotions on memory. 
Mori et al. (1999) questioned paiietits with Alzheimer's disease who had witnessed 
die devastating earthquake that struck Kobe, Japan, in 1935. They found that mem¬ 
ory of this frightening event was inversely correlated with amygdala damage: The 
more a patient's amygdala was degenerated, the less likely it was that the patient re- 
menibered die earthquake. 

Several imaging studies have shown that tlie luiman amygdala participates 
in emotional responses. For example, Cahill et al. (1996) had people watch both 
neutral atid emotionally arousing films (such as scenes of violent crimes). Later, 
the experiiiieniers placed the subjects in a PET scanner and asked them to recall 
tlie films. Tlic acliviiv of the right amygdala increased while the subjects recalled 
the emotionallv arousing films but not when thev recalled the neutral ones, in 
addition, the subjects were most likely to recall the emotionally arousing films that 
prodttced the iiighest level tif activity in the right amygdala when they were origi¬ 
nally viewed. 

In another PET study, Isenberg et ak (1999) found that seeing words tliat denote 
threatening situations increase.s the activity of the amygdala. The investigators had 
people look at word.s presented in various colors on a computer screen. Some of the 
words were neutral (e. g., list, dial, wheel, label, bookcase, spin, cups, repeat), and 
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Figure 10.3 

An averaged PET scan from a group of people while looking 
at threatening words. The scan shows increased activity in 
the amygdala. 



From Isenberg, N„ Siibersweig, D., Engelien, A., Emmerich, S., 
Malavade, K., Seattle, B., Leon, A. C., and Stern, £. Proceedtngs of 
the National Academy of Sciences, USA, 1999,96, 10456-10459. 
Copyright 1999 National Academy of Sciences, U.S.A. 


Figure 10.4 

Results of the studies by Shaikh, Siegel, and their colleagues. The 
diagram shows interconnections of parts of the amygdala, 
hypothalamus, and periaqueductal gray matter and their effects 
on defensive rage and predation in cats. Black arrows indicate 
excitation; red arrows Indicate inhibition. 
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some were tlireateniii^ (e. slaii^^liter, prisoner, evil, 
rape, knife, suffer, mmilaU', danger). I lie subjects were 
not asked lo l ead die words, but slmplv a,sked lo name llie 
eolor of ilie letters. Seeing the direaieniiig wortls (Imi iioi 
tlie neutral ones) caused a bilateral increase in the activ¬ 
ity of the amygdala, (See Figure 103.) 


Anger and Aggression 

Almost all spec ies t)f animals engage in aggressive behav¬ 
iors, which involve threatening gestures or actual attack 
directed toward another animal. Aggressive behaviors are 
species-typical; that is, the patterns of movements (for ex¬ 
ample, posturing, biting, striking, and hissing) are oiga- 
ni/ed by neural circuits whose development is largely 
programmed by an aiiiiiiars genes. Many aggressive be¬ 
haviors are related to repiXKluctioii, For example, aggres¬ 
sive behaviors thai gain access to mates, defend territorv 
needed to auraet mates or to j^rovide a site for building a 
nest, or defend offspring against intruders can all be re¬ 
garded as reproductive behaviors, Otlier aggressive be¬ 
haviors are related to self-defense, such as tliat of an 
animal threatened by a rival ora predator. 


Research with Laboratory Animals 

Neural Control of Aggressive Behavior. The neural 


control of aggressive beliaviur is hicrarcliical. That is, die 
particular muscular muvemeEris an animal makes in 
attacking or defending itself are programmed by neural 
circuits in the brain stem. Whedicr an animal attacks de¬ 


pends on many factors, including the nature of the elicit¬ 
ing sliinnli in tlie eiivironmeni and the animars previous 
experience. The activic)' of the hrain stem circuits appears 
Lo be controlled bv the hvpotlialamus and the amygdala, 
wliicli also in Hue nee many other species-ivpical be¬ 
haviors, And, of course, the activity oi the limbic system 
is controlled by perceptual systetus ill at delect the stains 
of the environment, including the presence of other 
animals. 


A series of studies by Shaikh, Siegeb and their eol- 
leagnes (reviewed by Siegel et al., 1999) investigated the 
neural eii cnitry involved in defensive behavior and pre¬ 
dation in cats. The invesiigaiors placed electrodes in var¬ 
ious regions of the brain and observed the effects of 
electrical stimulation of these regions on the animals' be¬ 
havior. In some cases the electrode was actnallv a stain¬ 


less-steel cannula, coated with an insulating material 
except lor the tip, Tliese devices (called raiuiuifi eier- 
Irodes) could he used to iul’use chemicals into the brain as 


well as to stimulate it. The investigators found that de¬ 
fensive behavior and predation can be elicited l>y stimu¬ 
lation oi different parts of the periaqueductal gray 
matter of the mid hrain (PA(t) and that the hypoili a Ia¬ 
nnis and the amygdala inilnence these hehavuirs through 
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excitatory aiKl iishiliitf)i v connc'ciioiis with the PACt, 
Tliev roiiiul llial liie three jji incipal regions oj'the amvg" 
clala and two re^ioos oi' the* livpoilialamus alTeci delei)- 
sive rat^e and predation, both oj whir ft appear to be 
or^ani/erl liy tlie PA(i* ('I'liey assessed )jredation by pi e- 
setiting tbe cals witli an anesthetized taU so no pain was 
inflicted,) A possible connection between tlie lateral liy- 
[)olhalamns aiui the ventral PAC^ has not yet been veri¬ 
fied. Rather tliaii list the eonneetions and their elTects, I 
w i 11 1 1 i 1 ec’t \'f n i to Figit re 10,4. 

Role of Serotonin. An overwlielming amount of evi¬ 
dence suggests that the activity of sen>tonergic syna[3ses 
inhibits aggression, tn contrast, rlestriu lion of serotoner¬ 
gic axons in the fbrebrain facilitates aggressive attack, pre- 
sun)af>ly by removing an infnf>ilory effect (Vergnes et al.. 


Figure 10.5 


A group of researchers has slndied tfie relationsliij) 
between serotonergic activity and aggressiveness in a free- 
ranging cofoiiy ofhiiesus monkeys (Mefihnan et ak, 1995; 
lligley et al,, 1996a, 1996b). fliey assessed serotunergic 

aclivitv by capturing the niotikeys, removing a sainjjle of eerebrosjjinal fluid, and an¬ 
alyzing it for 5-MlAA, a meiaboliie of serotonin (5-HT). Wlien 5-1 IT is rc‘leased, most 
of the nenrotransmitter is taken back itHo tlie terminal buttons bv means oiT'eu|)- 
lake, bin some escapes and is broken down to 5-fTLAA, whicli finds its wa\ into the 
cerebrospinal fluid. Thus, high levels of 5-HLA-\ in die C^SF indicates an elevated 
level of serotonergic activity. The investigators found iliat voting male monkevs witfi 
the lowest levels t>f .5-HLA\ sfiowed a pattern of risk-taking behavior, inclti<ling liigfi 
levels of aggression flirecied inwarfl animals that were oltfer and niucli larger than 
themselves. They were inucfi moie likely to take dangerous impnivoked long leaps 
frtmi tree to trev at a height of more than 7 m (27.fi ft). They wei e also more likely 
to pick figfils tliat they could not [lossihly win. Of 49 [jreadolesceni male monkevs 
that tlie investigators followed for Idnr years, 46 percent 
of tfiose with tbe lowest 5-MIAA levels died, wfiile all of 
the monkeys with the highest levels sitrvivetl. (See Figure 
70.5.) Most of the monkeys were killed by other monkevs. 

In iaci, the (list monkey to l)e killed had the lowest level 
of 5-HIAA and was seen attacking two mature males the 
night lie fore his death. 

It is clear tliat serotonin does not merely inhibit ag- 
giX’ssion; l allier, it exert.s a controlling influence on riskv 
behavior, which includes aggressioii, A study by Raleigh ei 
ak (I991) remt)ve<l the dominant male from eacfi of sev¬ 
eral grou]>s ol vel vet monkeys and treated the lop two re¬ 
maining males with serotonergic drugs: One received an 
ag<misi, and the other received an antagonist. Tlie mon¬ 
keys tlnu received the serotonin agonist became domi- 
nariL while the status of those that received die antagonist 
declined. You might think that removing some inhibilorv 
control over aggressiveness wtnild increase a monkey's 
dominance, Howeyer, dominance and aggression are not 
synonymnns, (ka tainly, a dominant animal will rise ag¬ 
gression if it is overtly cliallengcfl by a rival. However, be¬ 
coming the dominant animal in a group ol’ monkevs 
requires good social skills. As Meldman et ak (1995) 



Studies of groups of vervet monkeys confirm the role of serotonin 
In control of aggression. 


Percentage of young male monkeys alive or dead as a function of 
5-HIAA level in the CSF, measured four years previously. 



Adapted from Higiey. J. D,. Mehlman, R T., Higley S B., Farnald, B,, 
Vickers, J., Lindell, S G., Taub, D M., Suomi, S, J., and Linnoila, M., 
Archives of General Psychiatry, 1996, 53, 537-543. 
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ncjtecl in tlieir nannalisuc stncly. liie monkeys wiili low levels seroionergic acuvitv 
showed die lowest levels social eompeieney. 

Se\eral studies wllli targeted inuiations in mice con firm tlie ctmclusion that 
serotonin has an iniii1>iu>ry role in ession. P'or examj>le, Sandon el aL (H)94) 
and Bouwknechl el aL (2091) Loiind that mire lacking o-HTu^ recejjlors attacked an 
intruder more quickly and intensely than nonnal mice did, bin oilier wise, theii he¬ 
ll avi or appeared ntnanaL 

Research with Humans 

Unman violence and aggression are serious social problems. Ckmsider tlie fol¬ 
lowing case hisLories: 

Born lo an alcoholic leen motliei who raiseti him with an abusive alcoholic sie]> 
father. Steve was hyperactive, irriuihle, and disobedient as a toddler. . . . ,\lier drop 
ping oui of school ai age 14, Steve s[>ein his teen years figlning. stealing, taking 
drugs, and healing ii]> gii Ifrieiids. . . . Scliool counseling, a probation oifleer, and 
meetings witli child protective service failed to forestall disaster: At 19, several weeks 
after his last inter view waih researchers. Steve visited a girlfriend who hatl recently 
dum[jefl him. found her with another man. ami sIkh him to death. The same day 
he irie<l lo kill liimsell. Now he's serving a life sememe wiihoui parole, (llokleii. 
201)9. |>. .'>80) 

Bv the lime Joshua had reacherl the age of 2.... he wtmkl holt rmi of the house ami 
into ii afTic. He kicked and head-hmted relatives and friends. Me ]>oked the faiiiily 
hamster with a [icaicil ami irieil to strangle it. Me threw' regular temper lanirnmsaml 
would stage lov-throwing fivn/ies, ,\t one [mint he was hnning Iniiiself^—hanging his 
head against a wall. )>im fling hinisdi’. not to mention leajhng offhhe rehigeiatoi..., 
SlioweriiigJoshua with love ... luaile little difference: By age 8. his behavior got him 
kicked out of Ins preschool. (Holden, 20(K). p. 581) 

Role of Serotonin. Several studies have found that serotonergic neni'ons play an 
inhihiiorv role in Ivnnian aggression. For example, a depressetl rale ofseroumin re¬ 
lease (i 1KI i ca ted 1) y 1 1 > w 1 eve I s of 5-li 1. \A in the C 'Sf ) a re asst >e i a le cl ^ v i i h aggiess ion 
and other forms of antisocial liehavior, including assault, arson, murder, and child 
healing (Lidherg et aL, 1984. 1985; Virkkiiiien et aL, 1989). (loccaro et al. (1994) 
studied a group of jneii witli pei stmalily disoi clcrs (iuelnding a liistoi y of impulsive 
aggression). They found that the men w ith the lowest serotonei gic aciiviiv w^ere most 
likelv to have close relatives with a historv of similar behavior problems. 

If low levels of serotonin release ctmiribute io aggressit>n, perhaps drugs iltat act 
as serotonin agonists might help to reditce antisocial heltavior. In fact, a study by 
Cloccaro and Kitvoussi (1997) found iliai Ihtoxeiine (l^ro/ac), a serotonin agonist, 
decreased irritability and aggressiveness, as measured by a psychological test.Joslma. 
the little hoy described in the introduction to tins subsection, came under the care 
of a psychiait ist who [>rescnl)ed monoaminei gic agonists and l>egan a ct>urse 
of heliavioi' llierajjy that managed to stein Jiislnia’s v iolent ouibursis and risk-taking 
behaviors. 


Role of the Prefrontal Cortex. Manv invesiigaiors believe that impulsive violtaice 
is a con.sequence of faultv emotional regulation. For most of ns, f rustrations mav 
elic it an urge to respond emotionally, hot we tnanage lo cairn ourselves and suppress 
these urges. As we sliall see. the jirefronial cortex plays an iniporiani role in recog- 
ni/ing the emotional significance of complex social sittiations and in l egnlating our 
responses to such situations. J'he analysis of social sitnaiions involves much more 
than sensory analysis; it involves experiences and memories, inferences and judg- 
menis. In faeu tile skills involved include some of the most complex ones we possess. 
These skills are not localized in any one part of" the cerebral cortex, although re- 
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search dries suggest that the right iK-nilsphere is more importatu 
tliaii tlie left. Bui one region oj die prelronial corlex—the or^ 
hitofroiital cortex—plays a special rule. 

The orbitofronial cortex is located at die base oi tlie frontal 
lobes. It covers tfie part of ihe brain jnsi above the orhhs — 
liie bones that form die eve sockets—lienee the ter in or- 

t 

hUojrontaL (See Figure 10,6.) The orbiiofrontal cortex receives 
direct inputs from the dorsomedial thalamus, temporal cortex, 
ventral legmeviial area, olfactory svstem, and amygdala* Its 
oniputs go to several brain regions, including tire cingulate 
cortex, hippocampal formation, temporal cortex, lateral hypo¬ 
thalami is, and amvgdala. Finally, it communicates with <niter 
regions of the frontal cortex. Tlius, its inputs provide it witli 
iidVn niadon abotn wliat is liappening in the environment aiui 
wliai plans are being made bv the rest of tlie frontal lobes, and 
its outputs permit it iti affect a varieiv oi’behaviors and ]>livsio- 
logical responses, including emotional responses organized bv 
tlie amygdala. 

The lael that tlie orbiiofromai cortex plays an important role 
in control of etnodonal behavior is shown bv die effects of damage 
lo this region. The first—and most famous—ca.se comes from the 
mid“l8d()s. Phineas Gage, die foreman of a railway construction 
crew, was using a steel rod to ram a charge ol blasting powder into 
a iiole drilled in solid ruck. Suddenly, the charge exjiloded and 
sent the r<id into his cheek, through his brain, and out the top ol 
his bead, (See Figure 10.7.) He survived, bin he was a different 
man, Belbre his injurv lie was serious, industrious, and enei^^etic. 
Afterward, he became childisli, irre.sponsible, and thoughtless of 
odiers. His oiiibursis of temper led some people Lo remark that it 
looked as if Hr. lekvll liad become Mr. Hvde. He was unable to 
make or carry out plans, and his actions appeared to be capricious 
and whimsical. His accident largely tiestroved the orbitofronial enj ' 
Lex (Damasio et al., H)94), 


Figure 10.6 

The orbitofrontal cortex. 
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Wliai, exactly, does tlie orbitofrontal cortex do? Evidence sug¬ 
gests that it serves as in interlace between brain mechanisms involverl in automatic 
emotional responses (both learned and unlearned) and those involved in the control 
of complex beliavioi s. Tliis role includes using our emotiona] reactions to guide our 
behavior aiul controlling the occurrence of’emotional reactions in various social 
siuuiiions. 

I\x)ple win JSC orbitofrontal cortex Iras been tlamaged bv disease or accident are 
still able to accurately assess die sigiiilicaiiee of particular situations, but oiilv in a 
scusv. For example, Kslingei arid Damasio (1985) found that a paiieni widi 
bilateral damage of tlie oi bitofroiiial cortex (produced bva benign tumor, whicli was 
successrully removed) displayed excellent social judgment. W'hen lie was given liv- 
poilietical situations that required him to make decisions about wliai tlie people in¬ 
volved sliould do—silualioiis involving moral, ethical, or practical dilemmas—be 
always gave sensible answers and jusiilied them with carefullv reasonetl logic. How¬ 
ever, his own life was a different niauer. He frittered away his life's savings on in- 
vestineiUs tliat his family and friends pointed out were bound to fail. He lost one job 
after anotlicr because t)f his irresponsibiliiy. He became unable to distinguish be¬ 
tween trivial decisions aiui important ones, spetiding hours trying to decide where 
to have dinner but failing to use good Judgment in siuiattttns tliai concerned liis 
occupation and faniilv life. (1 Its wile finally left liim and sued for tlivtirce.) A.s 
the authors itoled, ''He liad leartied and used normal patterns of social behavior 


orbitof rontal cortex The region 
of the prefrontal cortex at the 
base of the anterior frontal lobes. 
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Figure 10.7 


A reconstruction of the skuH of Phineas 
Gage and the rod that passed through his 
head. The steel rod entered his left cheek 
and exited through the top of his head. 



From Damasio, H., Grabowski, T , Frank, R., 
Galaburda, A. M., and Damasio, A, R. Science, 
1994. 264, 1102-1105. Copyright 1994 
American Association for the Advancement of 
Science. Reprinted with permission. 


Ixdore Ins brain Icsicm. and altlHUi^li [ic ccmld rrcall sncfi patici iis wlicn lie 
was f[nesttoned ab<mi their applicability. tTnl-lffe sifitafions faiied tn n>ohf iJicm*' 
{]:». 17^^7). rims, it appears dial du- rnl)iLoir(>iilal cortex is not directly in¬ 
volved in makingjiKigrnciUs and C(Hiclnsioiisabt>uievents (these occur else- 
wfiere in the i>rain); rather, it is involved in translating these judginents into 
a])pi (^pi iaie feelings and helravioi s. 

Mr. V., described in the chapiei’ proltrgne. had brain damage ihat iin- 
jjaired his jndgniem withoui affecting traditional measures of verbal intelli¬ 
gence. This damage included both the right fronlal and pai ieial lobes, so we 
cannot attribiiie liis sympioms tf) any single region. 

Evidence suggests dial emotional reaelions guide moral judgments as 
well as Ollier kinds t.>f decisions anti that the preironlal cortex [jlays a role in 
these judgttients. T.oiisitier tire following moral dilemma: \bn see a runaway 
trollev with live people aboard hurdiiig down a track leading lo a cliff. VViib- 
(mt your intervention these people will soon die. However, yon are standing 
near a switch that will shunt the trolley off lo another track, where the vehi¬ 
cle will stop salely. But a worker is standing on tliat track, and he will he 
killed ii you throw the switch to save the live helpless passengei s. Should vou 
stand by and watch die trolley go off tlie ciil'f, or should you save them—and 
kill the man on the itack? 

Most people conclude that the lietter choice would he to throw' the 
switch: saving five people justilles the sacrifice ofotie man. But consider a 
variation ol ibis flilcmrna. As before, the trollev is luirding tt)ward doom, 
bin there is no switch at hand to shuni it tt> another track. Insteaci, you are 
standing on a bridge t>ver the track. An obese man is standing there it>o, and 
if you give him a push, Ins body w ill fall on the track and stop die trolley. (You 
are ujo small io sto[) the trolley, so you cannot save the five people hv saci h 
llcing yoursell.) VMiai should yon dt>? 

Most people balk at pushing tlie man oli tlie bridge, even tlioiigli the re¬ 
sult would be tlte same as the first dilemma: one persem lost, five people saved. 
Whether we kill someone bv sending a trolley his way or bv j>uslnng liini off a bridge 
into the path of an oncoming trollev, he dies wiien ilit' trollev strikes him. But Si>me- 
how pushing a person’s hodv and causing his deatli seems more emoiioiiallv w rench¬ 
ing llian throwing a switch that cliatige.s die' course of a runaway iroiley. 7’hus, moral 
jiKlgmeiiis ajipear to he guided hv emotional reactions and are not sitn[ily the profi- 
ucis of rational, logical decision making proce.sses. 

hi a fimetionai imaging study, tireeiie et al. (2001) presenietl people with the 
tnoral dilemmas such as tlie one 1 just descrilxHl and found that tlilnking about them 
activated sevei al brain regions involveti in emotional reactions, including the medial 
preli'onial cortex. (Making innocuous decisions, such as w hcliier Lo take a l)us or 
traiti to some destination, did not activate diese regions.) Perliaps, then, our lelitc- 
tance to push someone to his death isguidetl hv the emotional reaction we feel wlieti 
we contemplaie this action. 

It might seem that I have l>een getting aw'ay from the ttjpic of‘ this section: 
anger and aggression. l-|<JW'evei; recall dial many investigators heheve that impulsive 
violence is a consecjuencc oj’ iaulty ettunitjual regulation. Fhe amygflala plays an 
imjioi tani nile in provoking anger and violent euuiiiotial reactions, and the f)re- 
fronlal cortex plays an important role in suppressing such iieliavior by uiaking 
ns see its negatixe consequences. Let’s look at some evidence. .A luncdonal imaging 
suidv hv Dougherty el al. (1999) idund that when subjects read and thought about 
stories fnmi their <)wn lives that had made them angrv, ihcv became angry again, 
anti their orhiloirontal ctnnex and medial prefrontal cortex became activated. 
The activation of the prefrtmial cf>iTex may refiect its role iti inhihiiing aggressive 
behavior. 
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Kiuiic Cl al. ( H)9H) fV>und cvidciicc' ordecrcased prcfrorUiil activity and increased 
sulx’ortical activity {inchiding tfie amygdala) in tlie brains of convicted murderers* 
Tltese cliangcs were primarily seen in inipulsive, eitioiional murderers* Cold- 
Itloodecb calciilatijig, predatory miirderers^—^whnse crimes^vere not acct>tnpan[ed by 
angci and rage—sliowed morctiormal preii untal activity* Presitmahly; increased ac¬ 
tivation of the amygdala reflected an inct eased teittiency for disjjlay (d negative emo¬ 
tions, and the decieascd activation of the prefroiiial cortex reflected a rlecreased 
ability toc^Jiitrol one’s emotions. In fact, Rainecl al. (2002) found tfiat jjeople with 
antisocial personality disorrier showetl an 1 I percent redtiction in vokmie of the gray 
maner of the [ircfronial ctu tex. 

In an earlier section of this chapter we saw that decreased activity of serotoner¬ 
gic neurons is associated with aggression, violence, and risk taking. As we siuv in this 
subsection, decreased activity of the prefrontal cortex is also associated with anii- 
.social behavior. These two fact apf^ear to be linked. The pref rontal cortex receives a 
ntajor projectioji of serotonergic axons* Research indicates dial serotonergic input 
to the prefrontal cortex activates this region; lliiis, an abnormally low level of sero¬ 
tonin release can result in decreased activity of the prelVtinial cortex. 

A functional imaging stutly by Mann et al. (1996) showed ihai f’ennurainine, a 
drug that siunulates the lelease of ,i-HT increases the activity of ilie prefttmtal cor¬ 
tex* A study by New ei ak (2002) found that a serotonin-releasing drug increasetl the 
activity of the orbitolVoutal cortex in normal noiivioieiu sidijecis but f ailed \o do so 
ill subjects with a history of impulsive aggression. 

In summary; the prefVoiUal cortex appears to provitle information about our 
ongoing emotional states to regions of the brain involved in rational logical cogni¬ 
tive jirocesses. This inlVji inatioii plays a critical role our ahiliiy to regulate and con¬ 
trol our emotional responses, inchtdiiig those that would result in anger and 
violence* The inhibitory role that seroiointi plays in aggression atrd risk-taking be¬ 
havior may reflect the fact that serotonin activates die prefVontal cortex and hence 
enhances the abilin^ of this brain region to control these behaviors. 


Hormonal Control of Aggressive Behavior 

As we saw, many instances of aggressive behavior are in some way related to reprf> 
duction* For example, males ofsome species establi.sh territories that aitraci females 
during the breeding season* do do so, they must defend the territories again.st the 
intrusion of other males* tveii in specie.s in which breeding does not depend on the 
establishment of a lei rilory; males may compete for access to females, which also in¬ 
volves aggressive behavior. Females, too, often compete with other females for space 
in which to build nests or dens in which to rear their offspring, and they will defend 
their offspring again.st the intrusion ofodier animals. As yon learned in Chapter 9, 
most reproductive behaviors are controlled by the organizational and activational ef¬ 
fects of hormones; thus, we should not be surprised that many forms of aggressive 
behavior are, like mating, affected bv hormones. 


Aggression in Mates 

Adult males of many species fight for territory or access to females. In labora¬ 
tory rodents androgen secretion occtirs prenatally, decreases, and then increases 
again at the time of j^uberty* I liter male aggressiveness also begins around the time 
of pubcriv, which suggests that the behavior is controlled by neural circuits that are 
stimulated by androgens. Indeed, many years ago Beeman (1947) found that cas¬ 
tration reduced aggressiveness and that injections of testosterone rein.siaied it* 

In Cliapter 9 w-e saw that early androgenization has an or^anizathmal efferl. The 
serretif>n of androgens early in development modifies the developing brain, making 
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Figure 10.8 

Organizational and activatlonal effects of testosterone on social 
aggression. 

Treatment 



Organizational 

effect 


neural t'ircniis iliai (onirol male sexual heliavioi- hc- 
cotnc moiT responsive u> Lesiostenme. Similarly, early 
aiHlroj^ciii/aiion has an or^ani/.alional eileci lliat 
siimulates the tlevelopmcni ol lestosterone-seiisitive 
neural eireihts that facilitate iiiLermale aggression, 
(See Figure l(L8.) 

i iie organizational ellect of androgens on inier* 
male aggression (aggressive disjDlays or actual lights 
between two males ol the same species) is impm taut, 
hut it is not an all-or-none phenomeiKni, Prtjlonged 
adminislraiion of testosterone will eventually incluee 
in ter male aggression even in rculents that were cas¬ 
trated immediatelv after birth. Data reviewed bv vtjm 

# 

Saa! {19H3) show that exposure tr> androgens earlv in 
life decreases the amount ol exposure that is neces¬ 
sary t(» activate aggressive behavior later in \\k\ fhus, 
early androgenization se7}\iiizes the neural circuits— 
The earlier the aiidnigeni/ation, the more effective 
_ the sensitization. 

VVe also saw in ('hapter 9 that androgens stimulate 
male sexual behavi<)r bv interacting with atidnjgen re¬ 
ceptors in neurons located in the medial preoptic area (MPA). This region also a]> 
pears to be important iti mediating llie eilecis of androgens on in ter male aggression. 
Bean and flonner (1978) found that implanting testosterone in tlie MPA reinstated 
in ter male aggiessio!i in castrated male rats. Presumal>lv; the testosterone directly ac¬ 
tivated tlie behavior by stimulating the androgen-sensitive neurons located there. The 
medial preo]>tic area, then, appears to be involved in several behaviors related to re¬ 
production: rnale sexual behaMor, maternal Ijehavkn; and itnermale aggression. 

Males readily attack other males but usually do not attack females. Tlieir ability 

4 * * 

U) disenminate the sex of the intruder appears to be based on the presence ofpai- 
licnlar pheromones. Bean (1982) found that intermale aggression was abolished in 
mice by cutting the vomeronasal nerve, which deprives the brain of input from the 
vomeronasal organ. Ami il the urine ol female mice is painted fm a male mouse, that 
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Aggressive behavior can be seen at all ages and in both sexes, but its frequency 
generally increases in males after puberty. 
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mouse will nol iUtackctl il it Is iniroduced into another inale^s cage (Dixon and 
Mackintosh. Dd71: Dixoin 197-^). In fact, a targeted nitnatiott against a protein iliai 
is essential lor the deteetion of pheromones bv the vomeronasal organ abolishes a 
male mouse's ability to iliscriminate between males and remaies. The authors tTthis 
study (Stowers ct al., 2()()2) also (bund that the inntation abolisited Imertuale ag¬ 
gression. Because male intrufler s wer e nol lecogni/ed as rival males, iiie\ wer e not 
attacked. (See Aniinaiiott 10.1^ Rnh' of Pheromones in Internmie Af^ession*) 


Aggression in Females 

Two adult female lotleiUs that meet in a neuLial lerrilorv are less likelv titan 
males to fight. But aggression between i cm ales, like aggression between males, ap¬ 
pears u> be facililaterl by testosieioiie. Van de Poll ei ak (1988) ovaiMeeiomi/ed fe¬ 
male rats aitd tlien give tliem dailv iiijeelioit.s of testosterone, estradiol, or a [ilaecdtcj 
for 14 days. Plte animals were llieri placed in a test cage, and an unfamiliar female 
was introduced. As Figure 19.9 shows, testosterone increased aggressiveness, whereas 
estrarliol bad no effect. (See Figure 10.9.) 

Androgens have an organizational efTeci cm the aggressiveness of females, and a 
certain amotmt of prenatal androgeni/aiion appears to occur naturallv. Most todeni 
fetuses share their rtiotlter's iiiertis with brothers and sisters, arraitged in a row like 
peas in a pod. .\ female mouse may liave zero, one, or two brothers adjacent lo her. 
Researchers refer to these females as OM, IM, or 2M, fes]>eclively. (See Figure 10.10.) 
Being next to a male leans lias an effeei on a female's blood levels of’androgens pre- 
iiatally. Vom Saal and Bronson (1980) I’onnd iliat females located benveen two males 
had signiilcanily higher levels of testosterone in their blood titan iemales located be- 
Iweeti two females (or between a female and ilie end of the uterus). Wlieii tliev are 
tested as adults, 2M females are more likely to exhibit inteil’emale aggressiveness. 


Animation 10.1, of 
Pheromones in Inter¬ 
male Aggression, con¬ 
tains videos showing the effects 
of genetically engineered Inter¬ 
ference with detection of 
pheromones on aggressive be¬ 
havior of male mice. 



Figure 10.9 

Effects of estradiol and testosterone on 
interfemale aggression in rats. 
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Figure 10.10 

OM, IM, and 2M female mouse fetuses. 
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FtMiiales of" some primate species (ibr example, rhesus monkevs and baboons) 
are more likely to engage in Hgliis around tlie time o(“o\'uIauon (Carpenter, 1942; 
Saa\ man, 1971), This phenomenon is probably caused by their increased sexual in¬ 
terest and consec|Uent pnrximity to males. As f^arpenier noted, '‘She actively ap¬ 
proaches males and rntisi overcome their usual resistance to close asst>ciatioiu lienee 
she becomes an object of attacks by thenC (p, I3t>), Another period of fighting oc¬ 
curs just before menstruation (Sassenraili, Powell, and Hendrickx, I97S; Mallow; 
1979), During this time females tend to attack other females. 


Effects of Androgens on Human Aggressive Behavior 

Boys are generally more aggressive than girls. Clearly, V\'esteni societv tolerates 
assertiveness and aggressive behavior from boys more than from girls. Without doubt 
the way \ve treat boys and girls and the models to which we expose them play im¬ 
portant roles in sex clifferences in aggressivetiess in our species, flie cjiiestiun is not 
whether socialization has an effect {certainly, it does) hut wliether biological influ¬ 
ences, such as ex]>ositre to androgens, have an effbci too. 

Prenatal androgeniz.ation increases aggressive l>chavior in all species that liave 
been studied, including primates. Therefore, if androgens did not affect aggressive 
belia\'ior in humans, our species would be exceptional. .Alter puheriv androgens also 
begitt u> have activational effects. Boys' testosterone levels begin to increase during 
tile early teens, at which time aggressive behavior and intermale fighiiug also in¬ 
crease (Mazur, 1983). Of course, hoys' social status changes dtiring pttberiy, anti their 
te.stosieroiie affects their mttsdes as well as their brains, so we cannot he sure that 
tlie effect is hormonally produced or, if it is, tliat it is mediated by the brain. 

Sciemiflcally rigorous evidence that androgens increase aggression in humans 
is difficuU to obtain. Obviotislv, we cannot randomlv castrate some men to find out 

•> f 

whether llieir aggressiveness declines. In tlie past auilvorities attempted to suppress 
sex-related aggression bv castrating convicted male sex offenriers. Investigators have 
reported that both heterosexual and homosexual aggressive attacks disappear, ahing 
with tlie offender's sex drive (Hawke, 1951;Stuntp, 1961: Lascliet, 1973), How^ever, 
the studies typically lack appropriate ctintrol groups and usttally do not meastire ag¬ 
gressive hcliavior directly. 

Some cases of aggressiveness, especially sexual assault, have been treated willi 
svnthetie steroids that inliibii the production oJ androgens by the testes, Cdearlv, 
treatment with drugs is preferable to cast rat ion, becatise the effects arc not irre¬ 
versible. However, the efficacy ofTreatmeiU witli antiandrogens has yet to be esta}> 
Hsheti coivdtisively, .According to Walker and Meyer (1981), these drugs decrease 
sex-reiated aggres.sioii btit have no effect on other forms of aggression. In fact, 
Ziimpe el al. (1991) found that one of these drugs decreased sexual activitv and ag¬ 
gression toward females wlien administered to male monkeys hut that it actuallv in- 
neased intermale aggression. 

Another way to determine whether androgens affect aggressiveness in humans 
is to examine the testosterone levels of^ people w'ho exhibit varying levels of aggres¬ 
sive bell avion Hf>wever, even though this approach poses fewer ethical prolilems, it 
presents methodological ones. First, let me review^ some e\idence. In a review of the 
literalure Archer (1994) found that most studies found a positive relationship be¬ 
tween men's teslusteroiie levels and their level of aggressiveness. For example, Dabbs 
and Morris (1990) studied 44(32 U.S. military veterans. The men w'ith the highest 
testosterone levels had records of iiK)re antisocial activities, including assaults of 
other adults and histories of more trouble willi parents, teachers, and classmates 
during adolescence. The largest effects were seen in men of lower socioect>nomic 
status. Dabbs et al. (1987) measured the testosterone levels of male prison inmates 
and found a significam correlautm with several measures ofAT)lence, including the 
nature <Tthe crime for which they were convicted, infractions of prison rules, and 
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ratings ()f‘by tlieir [lecns, Thosf rt"laiujiishi[>s are also seen in female 
[>ris(>n intnaies: Dabbs ei al, (U1H8) round tliat women prisoners who showed un¬ 
provoked violence and had several prit>r ct>miciions als(> showed higher levels ol 
testosterone than the other i'emale inmates. (As we saw earlier, testosterone increases 
interlemale aggression in lalM)ratoi y animals as well.) 

En anv event we must remember tliat ((tnylal/ott docs not necessarih indicate atih 

j 

A persoiTs environment can af fect his or her testosterone level. For example, 
losing a tennis niatch or a wrestling conipetiti<)n causes a fall in blood levels oftestos^ 
terone (Mazur anti l.anib, 1980; Elias. 1981). Even winning or losing a sim[>le game 
t)rclianre carried out in a [jsycliologv laboraiorvcan alTect participants' testosterone 
levels: Winners feel better afterward and have a higher level of lestosierone 
(Mc(]auL (daflne, and Jo]^])a, 1992). ikaadiardt et ak (1998) foniul that basketball 
and soccer fans showed an increase in testosterone levels if ifieir team won and a de¬ 
crease if it lost. Tims, we cannot l)e sure in any correlational study that high testoS“ 
tertine levels tz/fcvc people to become dominant or aggressive; perha[is their success 
in estahhslhng a position of dtmiinancc increases their tesmsterone levels relative to 
lliose of the people tliev tltmiinale. 

A few studies have looked at the behavioral el fens oj administering androgens. 
Because of ethical concerns, people cannot be given androgen supplements Idr any 
length of lime merely tf> find out wftellier they become more aggressive; excessive 
amounts of androgens have deielcrioiis ef lei ts on a person's beahln Thus, the only 
evidence we ha\'e of the effects of long-iei in adiniihstiation comes fiom ease studies 
in which people with abnormally low levels of tesiosterone (ilie f}ylfOiro}}aflfi/ s\ft- 

are given an androgen tf> replace what would normally be presem. In general, 
stich pef>])le feel fiappier and liieir sexual activity increases, hut tbevdo not iisiiallv 
slnnv mure aggressiveness (Skakkebaek et al.. 1981; OXiarroil. Shapiro, anfl Ban¬ 
croft. 1985). One d()n]>le-blind suidv (Su ei al., 1998) did administer testosterone idr 
several davs to a grou|> of normal volunteers, men aged 18 to 42 vears. t hose re¬ 
ceiving the highest doses reported ima e euplmria and sexual art>usal but also more 
irritability and feelings ofdiosdlity. However, the effects were small, and ibe invesii- 
gators did not observe behaviors, onlv self-reports of feelings. 

As everyone knows, some athletes take anabolic steroids to iiiercast^ their nuisde 
mass and strenglfi and, snpjiosedly. to increase llicir eompetiiiveness. Anabolic steroids 
include natural an<lrogensancl s\iulielic liormones with androgenic eifects. Thus, we 
might expect dial these hormones would increa.se aggressiveness. Indeed, several stitd- 
ies have found exactly that. For example, \aies. Perry, and Murray (1992) Idund male 
weight lifters wlio were taking anabolic siennds lo be more aggressive and hostile dian 
those who were not. Rut as the anthen's nt>te. we cannot be certain that the stcroiti is 
responsible for the increased aggressiveness; it cotild simply be that the men who were 
already more comjx^tilive and aggressive were the (>nes who chose to take the steroids. 


INTERIM SUMMARY 


Emotions as Response Patterns 

The word emotion refers to behaviors, physiological responses, and feelings. This section has 
discussed emotional response patterns, which consist of behaviors that deal with particular 
situations and physiological responses (both autonomic and hormonal) that support the be¬ 
haviors. The amygdala organizes behavioral, autonomic, and hormonal responses to a vari¬ 
ety of situations, including those that produce fear, or anger. In addition, it is involved in the 
effects of odors and pheromones on sexual and maternal behavior. It receives inputs from the 
olfactory system, the association cortex of the temporal lobe, the frontal cortex, and the rest 
of the limbic system. Its outputs go to the frontal cortex, hypothalamus, hippocampal for¬ 
mation, and brain stem nuclei that control autonomic functions and some species-typical 
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beliaviors. Damage to specific brain regions that receive these outputs will abolish particuiar 
components of emotional response patterns. Electrical recordings of single neurons in the 
amygdala indicate that some of them respond when the animal perceives particular stimuli 
with emotional significance. Stimulation of the amygdala leads to emotional responses, and 
its destruction disrupts them. Receptors in the amygdala are largely responsible for the anx¬ 
iolytic effects of the benzodiazepine tranquilizers and the opiates. Studies of people with 
amygdala lesions and PET and functional MRI studies with humans indicate that the amyg¬ 
dala is involved in emotionai reactions in our species, too. 

Aggressive behaviors are species-typical and serve useful functions most of the time. In 
addition, animals may exhibit threat or submissive behaviors, which may avoid an actual 
fight. The periaqueductal gray matter appears to be involved in defensive behavior and pre¬ 
dation. These mechanisms are modulated by the hypothalamus and amygdala. 

The activity of serotonergic neurons appears to inhibit risk-taking behaviors, including 
aggression. Destruction of serotonergic axons in the forebrain enhances aggression, and ad¬ 
ministration of drugs that facilitate serotonergic transmission reduces it. Low CSF levels of 
5-HIAA (a metabolite of serotonin) are correlated with increased risk-taking and aggressive 
behavior in monkeys and humans. 

The ventromedial prefrontal cortex {which includes the orbitofrontai cortex) plays an 
important role In emotional reactions. This region communicates with other regions of the 
frontal lobes, the temporal pole, and the amygdala and other parts of the limbic system. Peo¬ 
ple with orbitofrontai lesions show impulsive behavior and often display outbursts of inap¬ 
propriate anger. They are able to explain the implications of complex situations but are often 
unable to respond appropriately when these situations concern them. Their lack of an emo¬ 
tional response in a situation that has important consequences for them often leads to poor 
decision making. Evidence suggests that the prefrontal cortex is involved in making moral 
judgments. 

The prefrontal cortex plays an important role in regulation of emotional expression, in¬ 
cluding anger and aggression. In a laboratory setting, anger activates this region, perhaps re¬ 
flecting inhibitory control on behavior. Violent criminals generally show a low level of activity 
of this region, and the volume of gray matter in this region was lower than normal in a group 
of people with antisocial personality disorder The release of serotonin in the prefrontal cor¬ 
tex activates this region, and some investigators believe that the serotonergic input to this re¬ 
gion is responsible for the ability of serotonin to inhibit aggression and risky behavior. 

Because many aggressive behaviors are related to reproduction, they are influenced by 
hormones, especially sex steroid hormones. In males androgens have organizational and ac- 
tivational efTerts on offensive attack, just as they have on male sexual behavior. The effects 
of androgens on intermale aggression appear to be mediated by the medial preoptic area. 

Females rodents will fight when they meet in neutral territory but less often than males. 
Female rodents that have been slightly androgenized (2M females) are more likely to attack 
other females. Female primates are most likely to fight around the time of ovulation, per¬ 
haps because their increased sexual interest brings them closer to males. 

Androgens apparently promote aggressive behavior in humans, but this topic is more 
difficult to study in our species than in laboratory animals. Differences in testosterone levels 
have been observed in criminals with a history of violence. Research suggests that the pri¬ 
mary effect of androgens may be to increase motivation to achieve dominance and that in¬ 
creased aggression may be secondary to this effect. In any case we cannot be sure whether 
higher androgen levels promote dominance or whether successful dominance increases an¬ 
drogen levels. 

THOUGHT QUESTIONS 

1 . Phobias can be seen as dramatic examples of conditioned emotional responses. 

These responses can even be contagious; we can acquire them without direct experi¬ 
ence with an aversive stimulus. For example, a child who sees a parent show signs of 
fright in the presence of a dog may also develop a fear reaction to the dog. Do you 
think that some prejudices might be learned in this way, too? 
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2, From the point of view of evotution, aggressive behavior and a tendency to estab¬ 
lish dominance have useful functions. In particular, they increase the likelihood that 
only the most healthy and vigorous animals will reproduce. Can you think of exam¬ 
ples of good and bad effects of these tendencies among members of our own 
species? 


i 
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Tlic previous section describeii emotions as oi gani/ed res[K>nses (t)elraviorLil, aiilo- 
noinic, and hormonal) tliat j^repare an animal to deal with existing sitnaiions in tlie 
environment, such as events that pose a threat to the or^atiism. Fcjr onr earliest pre- 
mammalian ancestors that is imdonhtedlv all there was to emoiiojts. Hut over time 
other responses, with new (nnciious, e\olved. Matty sjieciesol attimals (incluflhtgour 
own) comiitunicate tfteir emotion.s to oiliers In ineansol postural changes, lacial ex¬ 
pressions, and nonverbal sounds (sncli as sighs, moans, and growls), t hese expres¬ 
sions serve usefnl social [unctions; they tell olliei individuals ln>w we feel and—itan e 
to the point—what we are likely to do. For example, they warn a rival that we are an- 
grv or lell f riends that we are sad and would like some comfort and reassurance. In 
many species they indicate that a danger iniglii be present or that sonieilting inter- 
esiiitg seems n> he happening. This section examittes sticl) expressioit and commie 
nicaiion of emotions. 


Fadal Expression of Emotions; Innate Responses 

(Charles Darwin (lS72/19(i5) suggested tliai Iniinan expressions of emotion have* 
evolved from similar expressions in other animals. He said that emotional expres¬ 
sions are iiniaie, unlearned responses consisting of a complex set ojmovements, 
principally of the facial tnuscles. Thus, a man's sneer and a wolf's snarl are liiologt- 
rally determined res[>onse patterns, Ixnh conuxjlled by innat<' brain mechanisms, 
just as ct>ng[nng and sneci'ing are, (Of course, men can sneer and wolves can snarl 
for quite fUnereni reasons,) Some ofhliese movements resemble die behaviors them¬ 
selves atid may have evolvetl frotn them. Foi example, a snarl shows one's Lcedi and 
can be seen as an anticipation of biting. 

Darwin obtained evidence foi' his conclusion that emotional ex]>ressions were 
innate by observing his own children and bv corre^sponding wiili peo[)le living in var¬ 
ious isolated cultures around the world. He reasoned that il people all over tiie 
woi ld, no matter how isoiatetl, show the same facial expressions of emotion, then 
these expressions must be inherited itistead <>[ learned. The k)gical argument goes 
like this: When gi f^ups of people are isolated for many years, they develop dil’i’ereni 
languages, 1 bus, we can say tfiat the words peoj^le use are arbitrary; there is no bio¬ 
logical basis for using particular words to represent particular concepts. However, if 
fadal expressions are inherited, then they should lake approximately the same form 
in peojDle frcHii all cultures, despite their isolation from one another. And Darwin 
did. Indeed, find that peopk* in diffejeni cnllures used the same [)atlerns of move¬ 
ment of facial muscles to express a particular emt>tit>nal state. 

Research by F.kman and his colleagues (Kkman and Friesen, 1971; Ekinan, 
1989) tends to confinn Darwin's liypolhesis that facial expressi<m of emotion uses 
an itniate, species-tvpical repertoire of inovemenTs of facial muscles (Darwin, 
1872/1995), For example, Fkman and Friesen (1971) studied the ability ofmembers 
of an isolated tribe in New Guinea tt> recogni/e fadal expressions of emotion pro¬ 
duced by Westerners, Fliey liad no trouble doing so and lltemselves proditced facial 
ex[>ressions that Westerners readily recogni/ed. Figure 10,11 slnnvs four pilo¬ 
ts >graphs taken from videotapes td a tnao from this tribe reacting to stories designed 
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Figure 10.11 

A member of an isolated New Guinea tribe, studied by Ekman and FrSesen. making faces when told 
stories, (a) "Your friend has come and you are happy." {b) "Your child had died." (c) "You are angry 
and about to fight." (d) "You see a dead pig that has been lying there a long time." 



(a) {b) (c) 



From Ekman, R, The face of Man: Expressions of Uni}/ersdi Emotions in a New Guinea Village New York; 
GarJand STPM Press, 1980. Reprinted with permission. 


to tnokf faciid expressions of hapjnness, sarlne.ss, anger, and disgust. I am sure ihai 
you will liave no tnjiilDle rerogni/ing which is wincli. (See Figitre 10.11,) 

Because ihe .same (acial expressions were nsetl hy pcof^Ie who liad not previouslv 
been exposed to eacfi taller, Kkman and Friesen concluded that the expressions 
wej’e nnlearned behavior paiterns. In coinrasi, diderent cultures use diHereni wm'ds 
lo eX])ress ]>articnlar conce]>ts; prodnetitm oi iliese words does not involve innate rt:- 
S]>onses but miist be learn etk 

Other reseaichers have compared the facial expressions oI blind and noi tnally 
sighted children. I'hev leasonecl that if the facial expressions of the two groups are sim¬ 
ilar, then the expressions are natural for our s[xxies and do nut !ec|nire learning by 
i mi union. (Studies of'blind adnUs would utn he conclusive* because adults would prol>- 
ahly luive lieard enough descriptions of facial exprt'ssions lo l)e able to pose them.) In 
fact, the facial ex[>ressions of young blind and sigliled children are very similar (\Vt>od- 
wortli and Schlosberg, 1934; l/ard, 1971). Tims, both the cioss-cnliural studies and the 
investigations with blind clnldren confirm the natnrainess of these exprt'ssions. 

Researchers have not yet determined whether other means of commimicaiing 
emotions* such as lone of voice or changes in body posture* are learned or are at 
least partly innate. [lowcwer* as we will see* some progress has been made \n stiidy- 
ing the neuroanatoniical basis of expressing and recognizing emotions. 


Neural Basis of the Communication 
of Emotions: Recognition 

Effective conimnnieaiion is a iwceway process. 74iat is. the ability to disj^lay one's 
emotional state bv changes in t^xpression is usef ul onlv if other people are able to i ec- 
ognize tlieni. In fact* Kraut and jolinsum (1979) unobti iisively observed people in 
circumstances that would be likely to make them ba]>]n. They found that happy sit¬ 
uations (suc:h as making a strike while bowling* seeing the Iionie team score* ov ex¬ 
periencing a beantiinl <lay) picithiced only small signs of happiness when the people 
were ahnie* However* wlien the people were inleiacting socially with othei’ people, 
they were much more likely lo smile. For example, bowlei s who made a strike nsn- 
ally did not smile when tlie ball hit ihc [^ins. bin when they turned around to face 
ilieir companions* they often .smiled. Jones et al. (1991) found that even lO-month- 
olcl c In It Iren showed this lendencv. 

We rectJgnize other people's feelings by means ol visitm and audition—seeing their 
facial ex[ji essit>ns and hearing ihetr tone of voice and clmtce oftvoixls. Many studies 
ha\e found that tlie right hemispliere ])lays a more imjjoriant role llian tlie left hemi- 
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spfit^rc cuiiiprehoiisiun oreinoiloih For example, many itives- 
tigators liave TouimJ a lefl-t'ar aiul a left-visual llekl aclvaiiiage in 
l eco^iiiLioti (>reiiK>lioiially related sliiinili. The rationale Tor these 
studies is iliat each liemispliere directly receives in f ormation 
liom the comraUiteral part ftf the emirontneni. When a person 
]o<jks directly ahead, \isiial stimuli it> the left of the fixation point 
{seen witli Imfh eyes) are tt'ansmitted to ihe right hemisphere, and 
stimuli to tile right are transmitted to the left hemisphere. Of 
course, the hemispheres exchange infdrmatitm by meatisoi the 
corpus callosum, but it appears that this iranscommissural infin- 
mation is not as precise and detailed as information that is tli- 
rectly received- Similarly, although each hemisphere receives 
auditory infoi niatiou from hotli ears, the contralateral projec¬ 
tions arc riclier than the ipsiiatcral ones. Thus, when stimuli are 
presented to the left visual field or left ear. the right hemisphere 
receives more specific inl'ormation than the left hemisphere does. 

In studies of hemispiiericai diff erences in visual recogniikin. 
stimuli are usually presented to the led or right visual field so 
rapidly tliat the subject does not have time to move his or her 
eves. Many studies (reviewetl bv Brvden and Lev, 1983) have 
shown that the left liemispliere is better than the right at recog- 
iii/ing words or letter strings hut that the i iglii hemispliere is bet¬ 
ter at detecting differences in facial expressions of emotion. Similarly, subjects can 
more easily understand tlie verbal content of a message tliat is presented to the left 
hemispliere but can more accurately delect the emotional lone of the voice presentefl 
to the riglii hentisphere. These results suggest that when a messiige is lieard, the right 
hemisphere assesses the emotional expression of the voice while the left hemisphere 
assesses the meaning ol the vvoi ds. 

Blunder. Bowei s. and Heilman (1991) found that paiieiUs with liglit liemispherc 
lesions had no dililculiy making emotit>nal judgments about particular situations 
but were severely impaired in judging the emotions conveyed bv facial expressions 
or hand gestures. For example, they hatl no difficulty deciding what enioiion would 
be evoked l)y the situations describefi in senienees such as After you driuk thewatpr, you 
see the sigu (fear) or Your house seems emfdy imihout her (sadness). However, these pa¬ 
tients hatl difficulty recogni/.ing the emtilions depicted bv sentences such as He 
scowled^ IVurs fell from her eyes ^ or He shook his jist. 

Several PKT studies have confirmed these results. For example, George et ak 
(1996) measured subjects' regional cerebral blood How with a PET scanner while the 
subjects listened to some sentences and iflentilied tlieir emotional content. In one 
condition the subjects listened to the meaning of tlie words and said whether they 
described a situation in which stnneone wottld be happy, sad, angry, or neutral. In 
another cuntlition they judged tlie emotional state from the tone of the voice. In a 
ct>nirol condition they simply repeated ihe second w'ord they heard from each sen¬ 
tence. The investigators found diat comjjrehension of emotion fi om wtird meaning 
increased the activity of both frfmtal lobes, the left more than the right. Gompre- 
hension of emotion from tone oi'voice increased the activity of only die right pre¬ 
frontal cortex. (See Figtire 10H2.) 

Heilman. Watson, and Bowers (1983) recorded a particularly iiUcresliug case of 
a man widi a disorder called pure word deafness (described in C'hapier 13). The man 
was iH)l deaf, but he could not comprelicnd the meaning of speech. Nevertheless, 
lie had no difficulty identifying the emotion being expre.ssed by its intonation. Tills 
case, like the study by Ciec)rge ei al, (199()), indicates that comprehension of words 
and recognition of lone of voice are hulependem Idnctions. 

Adol])lis ei ai. (2099) c<impiled cornputerbed information alxHit the locaiitms 
of brain damage in 108 patients with localized brain lesions. They correlated diis in¬ 
formation with die patients’ ability to recognize and identify facial expressions of 





Although a skilled actor or model can learn to produce 
realistic facial expressions, genuine smiles are controlled by 
neural circuits that we cannot voluntarily activate. 
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Figure 10.12 

PET scans indicating brain regions activated by listening to emotions expressed by tone of voice 
(green) or meanings of words (red). 





Meanings 
of words 

Tone of voice 


Both 


Right Left Frontal section 


From George, M, S,, Parekh, P I., Rosinsky, N., Ketter, T A., Kimbrell, T. A., Hedman, K. M , Herscovitch, R, and 
Post, R. M ., Archives of Neurology, 1996, 665-670 


Figure 10.13 


A computer-generated representation of performance of subjects 
with localized brain damage on recognition of facial expressions 
of emotion. The colored areas outline the site of the lesions. Good 
performance Is shown in shades of blue; poor performance is 
shown in red and yellow. A green line shows the central sulcus. 


Right hemisphere 



From Adolphs, R., Damasio, H,, Tranel, D,, Cooper, G,, and Damasio, A R 
The JournBl of Neuroscience, 2000, 20, 2683-2690 Copyright 2000 by 
the Society for Neuroscience 


cjiiotions. They foujul tlial the most severe ciantage Kj this aliliitv was caused by dam¬ 
age to the somatusensni y cortex oT the riglit lieniispliere. (See Figure 10.13,) 

Adul]:>lis and liis colleagues propose a possible explaualioii for ilie apparent re- 
latioiiship between soiiiatoseiisaiioii and emotional recognition. Tliev suggest that 
when we see a facial expression of an emolioii, we niiconscionsly imagine ourselves 
making that expression, (hi fact, as we will see in the (Inal section of this chapter, we 
often do more than imagine—we often actually imitate other people's expressions.) 
Tlie .sennatosensory rejiresentalion of What it feels like to make the percewed ex¬ 
pression provide the cues we use to recogni/c the emotion being e.xprcssed in the 
face we are view ing. In snppoi t of this hvpmhesis, Adoiplis and his colleagues report 
that the ability of j^atienis with right liemisj^here lesions to recognize facial expres- 
sitnis o] emotions is ctn relaied with their ability to perceive somatosenst>rv stimtiH, 
That is, patients with soiuatosensory iinpainneiits (caused by right-hemisphere le¬ 
sions) also had impairments in recognition of emotions. 

As w'e saw in (lliapier i\ damage to a region of’the visual association cortex can 
cause lm}S(fl)rtgNosia —inability to recognize particular face.s. However, if the lesions do 
not involve other parts of ilie brain, they do not impair recognition of’facial expres¬ 
sions of emotions. Some patients can recognize faces but not the emotions thev ex¬ 
press, and others can recognize the emotions but not the faces (Bowers and Heilman, 
1981; Ihmiphreys, nonnelly, and Riddoch, 1993). This linding means that just as 
recogniiion of the meaning of svords and tlie emotion expressed bv Lone of voire are 

accomplished by different l)rain functions, so are recogni¬ 
tion of’panicnlar faces and facial expressions of emotions. 

As we saw^ in tlie previous section, the arnvgdala plavs 
a special role In cmolional responses. It miglit plav a role 
in emotional recogniiion as w'cll. f\>r exam[>le, several 
studies have found that lesions ofthe ainvgdala (the result 
ol’degenerative diseases or surgery for severe seizure dis¬ 
orders) im|3air people'.s ahillis lo recognize facial expres¬ 
sions of emotion, especially expressions of fear (Adolphs 
et al., 1994, 1995; Young et ak, 1995: (-aider et al., I99(i; 
Adolphs et al., 1999), In addition, functional imaging 
studies (Morris et aL, 199(>; Whalen et ak, 1998) have 
ft>nnd huge increases in tlie activity ofthe amygdala when 
jieople view phnlographs of faces expressing I’ear but only 
small increases (or even decreases) w'hen thev look at 
])liotograplis of happy face.s. 

Damage to a [xirticular part of the brain—lire basal 
ganglia—disrupts a person’s ability to recognize a partic¬ 
ular emotion: disgust. Disgust (literally, *1)ad taste”) is an 


Left hemisphere 
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emotion provoked by soineihinjr that lasics or smells hiul^—or l>v an action ilial we 
consider to be in bad taste (figiiralively, mH literaDy). Disgust has a verv cbaracteris- 
tie facial expression. (ITyou want to si e a gcjod example, refer lo Figure lOd Id or 
Figure 10.16.) Several sUKlies have found iliai people with HtuUiugtoids disease or 
obsessive-compulsive tlisorder have lost the ability u> recogni/e facial ex])ressions ol‘ 
disgust (Sprengelmeyer el al.. UHH), 1997). Himtingion's disease (described in ('ha[> 
ter 14) is a progressive, final, genetic disorder that involves the degeneration t^filie 
putameii and caudate nucleus, two ctmiponents <}f the basal ganglia. Obsessive- 
compulsive disorder (described in Chapter 15) is a mental disnjTler that appeals to 
be caused by abnormalities in the basal ganglia. Results of hinctional imaging stud¬ 
ies by Sprengelmeyer el ah (1998) and Phillips ei al. (1998) su[>port these findings. 
These investigators fbuiid that subjects who viewed pictures oi’ faces showing ex¬ 
pressions t>f disgust showed increased acti\'ity in tlie basal ganglia and also in the an¬ 
terior insular region (a portion of the frontal lobe that is iioi'mally hidden behind 
the lempuraf lobe). As we saw in Chapter 7, the insular region contains the f>rimarv 
gustatory cortex, so perhaps it is not a coincidence that this region is also involved 
in recognition of''‘bad taste/" 


volitional facial paresis Diffi¬ 
culty in moving the facial muscles 
voluntarily; caused by damage to 
the face region of the primary 
motor cortex or its subcortical 
connections 

emotional facial paresis Lack of 
movement of facial muscles in re¬ 
sponse to emotions rn people 
who have no difficulty moving 
these muscles voluntarily: caused 
by damage to the insular pre- 
frontal cortex, subcortical white 
matter of the frontal lobe, or parts 
of the thalamus. 


Neural Basis of the Communication 
of Emotions: Expression 

Fiictal expressions of emotion are aulomalie and invohmtary. It is not easv to pio- 
rluee a realistic facial exfxession ol'einolioti when we do not realiv feel that wav. In 
hut, Ekinan and Davidson have confirmed an earlv observation bv a niiieteeiitb- 
century neurologist, ( hiillaume-Benjamin Duchenue de Boulogne, that genuinelv 
happv smiles, as f>[;)posed lo false smiles or social sjniles people make when thev 
greet someone else, involve contraction of a muscle near the eyes, the lateral 
part of the orbiciilaris ociili^—now someumes lefened lo as Duchejine's muscle 
{Ekman, 1992; Ekmaii and Davidson, I99'D. As Duclienne put ii, "The fust [/.vgt*- 
matic majr>r muscle] obeys the will but the second [orbicularis 
oculi] is only put in play by the sweet emotions of' the soul; the , . . 
fake joy, the deceitful laugh, caunoi j^rovoke the conlraciiou of tins 
latter muscle" (Diicheiine, 1862/1990, p. 72). (See Figure i(lI4.) 
riu- difficulty actors have in voluntarily producing a convincing fa¬ 
cial expression t>f emotion is one of die reasons that led Konstantin 
Stanislavsky to develop his system of method aefiftg, in which actors 
attempt to imagine themselves in a siiiiaiion that would lead to the 
desired emotion. Once the emodfin is evoked, tlie facial expressiems 
follow uauirally. 

This observation is confirmed by two neurological tfisorders with 
cnmpleineiuary symptoms (Hopfet al., 1992; Topper ei ak, 19if5: Ur¬ 
ban et al., 1998). The first, volitional facial paresis, is caused bv dam¬ 
age to the face region of tlie primary motor cortex or lo ilie flbei s 
coinieciing this region with the motor nucleus of tlie facial nerve, 
which controls the nuiscles responsible for movement of the facial 
muscles, (Primsis, Ironi the Greek "to let go," refers to a partial paral¬ 
ysis.) The imeresling thing about volitional facial paresis is that the 
patient cannot Vfihiiiunaly move the facial muscles but will involun¬ 
tarily express a genuine emotion tvith those muscles. For example. 

Figure 10.15(a) shows a wonian trying lo pull her lips apart and show 
her teeth. Because of the lesion in the face region of her right pri¬ 
mary motor ctjriex, she could not move the left side of her face. I low- 

I 

ever, when she laughed (Figure 16,15b). both sidesof her face moved 
normally, (See Figures lOJSti cind I0J5h.) 

In contrast, emotional facial paresis is caused by damage to the in¬ 
sular region of the prefrontal cortex, to the wliitc mailer of the fi-onial 


Figure 10.14 


A photograph of Dr. Duchenne electrically 
stimulatlrtg muscles in the face of a volunteer, 
causing contraction of muscles around the mouth 
that become active during a smile. As Duchenne 
discovered, however, a true smile also involves 
muscles around the eyes. 
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Figure 10,15 

Emotional and volitional paresis- (a) A woman with volitional facial paresis caused by a right hemisphere 
lesion trying to puJI her lips apart and show her teeth. Only the right side of her face responds, (b) The 
same woman showing a genuine smile, (c) A man with emotional facial paresis caused by a left- 
hemisphere lesion showing his teeth* (d) The same man smiling. Only the left side of hfs face responds. 



{a) (b) (c) (d) 


From Hopf* H. C., Mueller-Forell. W , and Hopf, N. J.< Neurology, 1992, 42. 191S-1923. 


\ohi\ or to paiTs of tfic tlialaiuiis. ITiis system joins the sysleiii respoiisihic for voliiii- 
lary mf)VemeMls of ifie facial nui.scles in the niedolla or caudal pons. People widi this 
disorder can move llieir face muscles voluntarily hut do nol express etnotions on the 
affected side oi llie face. Figure U), 13(c) slums a man pulling his lijxs apart to show 
his teeth, wliicli he had no irouble doing, Figtire 10.15(d) slums him smiling; as you 
can see, only the left side of his month is raised. He liad a stroke that damaged the 
white matter of the left frontal lobe. (See Fi^tres 10,15c And 10,15d,) I’hese two syn¬ 
dromes clearly indicate that different brain mechanisms are respt>nsible for volnntarv 
movements of the facial muscles anti automatic, involuntary expression of emotions 
involving the Siime miisdes* 

.Vs we saw in the [>rev]ous snbsecdon, the light hemisphere plays a mtu e signilicaiu 
role in recognizing emotions in the voice or facial expressions of other people—es¬ 
pecially negative emotions. The same hemispheric specializatioti appears to be trite for 
expressing emotions. Wlien jjeople show emtJtions with their facial muscles, the left 
side of llie face itsnally makes a more intense ex[DressiDn. For example, Sackeim and 
Ciiir (1978) cut photographs of people wiio were expressing emotions into right and 
left hahes, prepared mirror itnages of each of them, and pasted them together, pro¬ 
ducing stxalled rhimnital faers (from tlie mviliical Ciiimera, a iire-hreathtng monster, 
part goat, part lion, and part serpetu). They Idnnd that the left halves were more ex¬ 
pressive that! the right ones, (See figure 10,16,) Beeanse motor control is contralateral, 
the results suggest that the right hemisjihere is more expressive than the left. 

Moseovitch and Olds (1982) made more natitial observations of peoj^le in 
restaurants and parks and foitnd tiial the left side f>f their faces appeared to make 
stronger expressions of emotions* They conlirtned these results in the laboratory by 
atialyzing videotapes of people telling satl oi liitmorons stories, A review ofThe lit¬ 
erature by Borod et al. (1998) ffnind 48 other stitdies that obtained similar results. 

Left Itemisphere lesions do not usually impair vocal exj^ressions of emotion. For 
example, people with Wernicke's aphasia (described in (chapter IS) nsuallv modu¬ 
late their voice according to nmod, even though the words ihev sav make tui sense. 
In coiurasl, right-hemisphere lesions do impair expression of enu)tit)n, both facially 
and bv tone of voice. 

We saw in the previous suhsectioit that the amygdala is involved in the recogni¬ 
tion of facial expression of emotions. Research indicates that it is tiot involved in 
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Figure 10.16 

An example of a stimulus used by Sackeim and Gur (1978). (a) Original 
photo, (b) Composite of the right side of the man's face, (c) Composite of 
the left side of the man's face. 



(a) (b) (c) 


Reprinted with permission from Neuropsychologi^, 16, H A Sackeim and R C Gur. 
Lateral asymmetry in intensity of emotional expression. Copyright 1978, Pergamon Press 


cinotiotiiil expmssioih Anderson and Phelps (2000) reported the case (A S. P., a 54- 
year-old woman wliose nghi amygdala was removed lo treat a serious seizure disor¬ 
der. Because of a preexisting lesion of llie lelt amygdala, the surgerv resulted in a 
bilateral amygdalectomy. After the surgery, S. R lost the ability lo recognize facial ex¬ 
pressions of emotion, but site had no diffieuliy recognizing individual faces, and she 
could easily identify male and female faces and accnratelv judge their ages. What is 
particularly interesting is that the amvgdala lesions did not impair S. P.'s abililv to 
produce her own facial expressions of emouons. Figure 10.17 shows S, P. displaving 
a neniral expression (1) and six enu)ht>nal expressions: i’eai; angei; iiajijiint'ss, sad¬ 
ness, disgust, and surprise. By tlie way, when site saw tliese pictures ol’ hei sell, site 
could not tell what emotions her face had been expressing. (See Figure 10.17.) 


Figure 10,17 

Photographs of posed facial expressions of emotions (from a videotape) by Patient S. R, a woman 
with bilateral amygdala lesions who was unable to recognize such expressions—even her own. 

(1) Neutral expression, (2) fear, (3) anger, (4) happiness. (5) sadness, (6) disgust, (7) surprise. 



From Anderson, A. K . and Phelps, E. A. Psychoiogicai Science, 2000. 1 1 106-111, 
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Communication of Emotions 

We (and members of other species) communicate our emotions primarily through facial ges¬ 
tures, Darwin believed that such expressions of emotion were innate—that these muscular 
movements were inherited behavioral patterns. Ekman and his colleagues performed cross- 
cultural studies with members of an isolated tribe in New Guinea. Their results supported 
Darwin's hypothesis. 

Recognition of other people's emotional expressions involves the right hemisphere more 
than the left. Studies with normal people have shown that people can judge facial expressions 
or tone of voice better when the information is presented to the right hemisphere than when 
it is presented to the left hemisphere. PET scans made while people judge the emotions of 
voices activate the right hemisphere more than the left. Studies of people with left- or right- 
hemisphere brain damage corroborate these findings. In addition, they show that recognition 
of particular faces involves neural circuits different from those needed to recognize facial ex¬ 
pressions of emotions. Finally, the amygdala plays a role in recognition of facial expressions 
of emotions; lesions of the amygdala disrupt this ability, and PET scans show increased activ¬ 
ity of the amygdala while the subject is engaging In this task. Damage to the caudate nucleus 
and putamen (components of the basal ganglia) disrupts recognition of facial expressions of 
disgust, and functional imaging studies suggest that both the basal ganglia and the insular 
cortex (which contains the primary gustatory cortex) are involved in this emotion. 

Facial expression of emotions (and other stereotypical behaviors such as laughing and 
crying) are difficult to simulate. For example, only a genuine smile of pleasure causes the con¬ 
traction of the lateral part of the orbicuiaris ocuii (Duchenne's muscle). Genuine expressions 
of emotion are controlled by special neural circuits. The best evidence for this assertion comes 
from the complementary syndromes of emotional and volitional facial paresis. People with 
emotional facial paresis can move their facial muscles voluntarily but not in response to an 
emotion, whereas people with volitional facial paresis show the opposite symptoms. In addi¬ 
tion, the left halves of people's faces tend to be more expressive than the right halves. Al¬ 
though damage to the amygdala disrupts people's ability to recognize emotional expressions 
in other people, the patients can still produce emotional expressions of their own. 




Feelings of Emotions 


So fan wv liavc examined two aspects ofcmotions; the organi/ation ofpatterns of re¬ 
sponses iliai deal wlili the siuiation that ])rovnkes the emotion and the communica¬ 
tion oi^ emotional states witli oiher members of the species. The (Inal aspect o( 
emotion to he examined in this chapter is the subjective component: feelings of 
emotion. 


I James-Lange theory A theory of 
emotion that suggests that behav¬ 
iors and physiological responses 
are directly elicited by situations 
and that feelings of emotions are 
produced by feedback from these 
1 behaviors and responses. 


The James-Lange Theory 

William James (1842-1910), an American psychoiogisu and C^arl Lange (1834—1900), 
a Danish physiologist, independently .suggested similar explanations for emotion, 
whicli most people refer to collectively as ihe James-Lange theory (James, 1884; 
L.ange, 1887). Basically, ilie iliecu y states that emoiioii-prodncing siiuaiions elicit an 
ap[}ropriate set of plivsiological responses, such as trembling, sweating, and in¬ 
creased heart rale. The situations also elicit behaviors, such as clencliing of the fists 
or ngliiing. Tile brain receives sensory feedback from ilic muscles and from the tn- 
gaiis ill at produce lliese responses, and it is tliis feedback tlial const itulcs our feel¬ 
ing of emotit)n. 
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Figure 10.18 


Muscles 


James says that oiu' own eiiHititmal ieelings are based on wliai 
we tiiid ourselves doing and on the sensory feedbaek we receive 
froni the aeliviiy of our muscles and lOlernal oigans* Tlius, when 
we find ourselves Iremlding and feel (:|ueas\\ we experience fear, 

\Miere feelings of emotions are concerned, we are seif^^bservers. 
rinis, tlie two aspects of emotions re]>onefl in die first iwc> sec- 
liims t>f this cha[>ter (jialterns of emotional responses and ex¬ 
pressions of emoiions) give rise to tlie ihii cl: feelings. (See Figure 
WJ8:) 

James's descrij^iion of‘tire pn>cess of emotion miglu strike 
yoo as being at odds with your own experience. Many people 
think that they experience etnoiicms direciiy, internally. Tliey 
consider tlic outward maiiifestaLions ofeinotions to be secoiidarv 
events. But have voii ever found yourself in an unpleasant con¬ 
frontation with someone else and discovered that vou were irem- 
hling, even though you did not think that vou were so bothered 
by the encounter? Or did you ever find yourself bhrshing in re¬ 
sponse to some public remark that was made about yoti? Oi‘ did 
you ever find tears coming to your eyes wlnle you ware lied a him 
dial you did not think was affecting you? \Miat would you con¬ 
clude aboiii your emotional slates in situations like these? Would 
you ignore the evidence from your own physiological reactions? 

A well-known physiologist, Waller ("annou. criticised lames's 
theory. J le said that the internal organs were relatively insensitive 

and that ihev ccnild not respond verv quicklv, so leedback from - ^ — 

them could not account for our feelings of emotions. In addition, 
he observed ill at cutting the nerves dial piovide feedback frtnn the internal organs 
to the brain did not alter emotional behav ior ((Cannon, 1927). However, subsequent 
researeli indicated that C^annon's criticisms are not relevant. For example, although 
die viscera are not sensitive to some kinds of siirniili, sucli as cutting and burning, 
lliey pzovific much better feedback than (Atnnon suspected. Moreoveiv many 
changes in the vi.scera can occur rapidly enough that thev could be the causes of feel¬ 
ings of emotion. 

(Ian non cited the fact that cutting tile sensory nerves between the in tenia I or¬ 
gans and die central nervt>us system does nv>t abolish emotional behavior in labora¬ 
tory animals. However, this oiiservation misses tlie point. It docs not prove that 
feelings of emotion surv ive diis surgical disruption—only that emotional hehm^iors 
do, \Vc do not kntiw how the aiiiinafs feel: we know only that thev will snarl and at¬ 
tempt to bite if tln eatened. In any case James did not attribute all feelings emo¬ 
tion to I lie internal organs; lie also said tliat feedback IVoni muscles was imjiortaiu. 
The ihreai inighi make the animal snarl aiKl bile, and the feedbaek fiom the facial 
and neck muscles might constitute a Teeling" of anger, even if feedback from the in¬ 
ternal organs was cut off. But vse have no wav to determine how the animal fell, 

James's theory is dibicult to verify expenmentallv. becau.se it attempts to explain 
frelings of emotion, not the causes of emotitmal re.sponses, and feelings are private 
events. Some anecdotal evidence supports ihe theorv. For example* Sweet (l9bG) re- 
pt>i led the ease of a man in whom some sympathetic nerves were severed on one side 
t>f die body to treat a cantiovasculai' di.sorder. flie man—a music lover—reported 
dial the shivering sensation lie fell while listening \o music iniw occurred onlv on the 
imoperated side of his body. He still enjoyed listening to music, hut the surgery al¬ 
tered his emotional reaction. 

In one of the few tests of James's dieory, Holiman (I9f>fi) colleeted tlata from 
jDcople with spinal cord damage. He asked these ]>eople about tfie intensity vif their 
emotional feelings. If feedback is important, one would expect that enioiional feel¬ 
ings would he less intense if the injury were high (that is, dose to the brain) tlian if 


A diagrammatre representation of the James-Lange 
theory of emotion. An event In the environment triggers 
behavioral, autonomic, and endocrine responses. 
Feedback from these responses produces feelings 
of emotions. 


Event that produces 
emotional reaction 


I 

Brain 

Feedback produces 
feelings of emotion 


Behavior 


Autonomic 

Autonomic 

nervous system 

^ response 

Endocrine 

^ Endocrine 

system 

response 
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il were k)w, because a high s]>inal cord iiijurv wnuld make the person hectniie in¬ 
sensitive lo a larger part ol liie laKly* hi fact* Lliis result is jireciselv what Ht>hinan 
Ibiintl: Tlie higfiei' the injury, the less intense the feeling was, As one nfHohman's 
subjects said: 


I sit around and build dungs up in iny iniiKk and I w^u ry a lot, bin it’s not much but 
the power of though L 1 was at home ale me in betl <me day anti droj>ped a cigareUe 
wheie 1 couldiri reach il. I llually tnanaged to scrounge around aiid ]>ui ii out, I could 
have burned iifj right there, hnt ifie tunny thing is, I didn’t gel all shook up about it. 
1 just didn'i teel afraid at all, like you would sii]>pose, (H oh mail. 19h6, p. lot)) 


Another subject showed dial angry behavior (an eniotitnial respitnse) does not ap¬ 
pear to fiepend <m JfHiftgs of emotion. Instead, the behavior is evoked by the situa¬ 
tion (and liy the person's evalualion ol it) even if tlie spinal cord damage has 
reduced the iiUeiisiiy of the person's emotional feelings. 


Now; I don't get a feeling of physical animation, ids sort of cold auger. SonieUmes I 
act angry when 1 see some injustice.! yell and cuss atid raise hell, liecause irvou don't 
do it sometimes, Tve learned peo]>le will take advantage of you, but it doesn't have 
the heat to it that il used lo. liN a menial kind of atigei; (I folmum, p, 151) 


INTERIM SUMMARY 


Feelings of Emotions 

From the earliest times people recognized that emotions were accompanied by feelings that 
seemed to come from inside the body, which probably provided the impetus for developing 
physiological theories of emotion. James and Lange suggested that emotions were primar^ 
ily responses to situations. Feedback from the physiological and behavioral reactions to emo¬ 
tion-producing situations gave rise to the feelings of emotion; thus, feelings are the results, 
not the causes, of emotional reactions. Hohman's study of people with spinal cord damage 
supported the James-Lange theory; people who could no longer feel the reactions from 
most of their body reported that they no longer experienced intense emotional states. 


EPILOGUE 


Mr, V. Revisited 


After our visit to Mr. V. (described in the 
chapter prologue), we were discussing 
the case. Lisa, the student, asked why 
Mr. V. talked about continuing his walk¬ 
ing schedule when he obviously knew 
that he couldn't walk. Did he think that 
he would recover soon? 

"No, that's not it," said Dr. W. "He 
knows what his problem is, but he 
doesn't really understand it. The people 
at the rehab center are having trouble 
with him because he keeps trying to go 
outside for a walk. The first time, he 
managed to wheel his chair to the top of 
the stairs, but someone caught him just 
in time. Now they have a chain across the 


door frame of his room so that he can't 
get into the hall without an attendant. 

"Mr. V.'s problem is not that he can't 
verbally recognize what's going on; it's 
that he just can't grasp its significance. 
The right hemisphere is specialized in 
seeing many things at once: in seeing all 
the parts of a geometric shape and 
grasping its form or in seeing all the ele¬ 
ments of a situation and understanding 
what they mean. That's what's wrong. 
He can tell you about his paralyzed leg, 
about the faa that he is in a wheelchair, 
and so on, but he can't put these facts 
together and realize that his days of 
walking are over. 


"As you could see, Mr, V. can still ex¬ 
press emotions." We all smiled at the 
thought of the contemptuous look on 
Mr, V/s face. "But the right hemisphere 
is especially important in assessing the 
significance of a situation and making 
conclusions that lead to our being 
happy or sad or whatever. People with 
certain right-hemisphere lesions are not 
bothered at all by their conditions. They 
can tell you about their problems, so I 
guess they verbally understand it, but 
their problems just don't affea them 
emotionally." 

He turned to me. "Neil, do you re¬ 
member Mr, P,?" I nodded, "Mr. P. had a 
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left-hemisphere lesion. He had a severe 
aphasia and could hardly say a word. 

We showed him a picture of some ob¬ 
jects and asked him to try to name 
them. He looked at them and started 
crying. Although he couldn't talk, he 
knew that he had a serious problem and 
that things would never be the same for 
him. His right hemisphere was still work¬ 
ing. It could assess the situation and give 
rise to feelings of sadness and despair." 

Dn W. suggested that the right hemi¬ 
sphere's special role in emotional 
processes is related to its ability to deal 
with perception and evaluation of pat¬ 
terns of stimuli that occur simultane¬ 
ously. His suggestion is plausible, but we 
still do not know enough about hemi¬ 
spheric differences to be sure that it is 
correa. In any event, many studies have 
shown that the right hemisphere does 
play a special role in evaluating the emo¬ 
tional significance of a situation. I de¬ 
scribed some of these studies in the 
chapter, but let's look at a few more ex¬ 
amples. Bear and Fedio (1977) reported 
that people with seizures that primarily 
involve the left hemisphere tend to have 
thought disorders, whereas those with 
right-hemisphere seizures tend to have 
emotional disorders. Mesulam (1985) re¬ 
ported that people with damage to the 
right temporal lobe (but not the left 
temporal lobe) are likely to lose their 
sensitivity to social cues. Obviously, this 
observation is meaningful only for pa¬ 
tients who were sensitive to social cues 
before the brain damage; if someone is 
socially Insensitive before having a 
stroke, we can hardly blame the behav¬ 


ior on brain damage. In particular, peo¬ 
ple with right temporal lobe lesions tend 
to show bad manners. They talk when 
they feel like it and do not yield the 
floor to someone else who has some¬ 
thing to say; they simply ignore the so¬ 
cial cues that polite people observe and 
follow. They also adopt a familiar con¬ 
versational style with people to whom 
they would normally be deferential (usu¬ 
ally, the physician who is treating them 
and writes up a report of their behavior). 

Perhaps my favorite example of pos¬ 
sible hemispheric specialization is hyp¬ 
nosis. Sackeim (1982) reported that 
when people are hypnotized, the left 
side of their body Is more responsive to 
hypnotic suggestion than the right side. 
Because the left side of the body is con¬ 
trolled by the right hemisphere, this ob¬ 
servation Indicates that the right hemi¬ 
sphere may be more susceptible to 
hypnotic suggestion. In addition, Sack¬ 
eim, Pauius, and Weiman (1979) found 
that students who are easily hypnotized 
tend to sit on the right side of the class¬ 
room, In this position they see most of 
the front of the room (including the 
teacher) with their right hemispheres, so 
perhaps their choice represents a prefer¬ 
ence for right-hemisphere involvement 
in watching another person. 

One of the reasons I enjoy writing 
these epilogues is that I can permit my¬ 
self to be more speculative than I am in 
the text of the chapter itself. Why might 
the right hemisphere be more involved 
in hypnosis? One explanation of hypno¬ 
sis that I find appealing is that it derives 
from our ability to get emotionally in¬ 


volved in a story—^to get wrapped up in 
what is happening to the characters in a 
film or a novel (Barber, 1975). When we 
become involved in a story, we experi¬ 
ence genuine feelings of emotion: hap¬ 
piness. sadness, fear, or anger. We 
laugh, cry, and show the same sorts of 
physiological changes that we would if 
the story were really happening to us. 
Similarly, according to Barber, we be¬ 
come involved in the "story" that the 
hypnotist is creating for us, and we sus¬ 
pend our disbelief and aa it out. Ac¬ 
cording to this explanation, hypnosis is 
related to our susceptibility to social sit¬ 
uations and to our ability to empathize 
with others. In fact, people with the 
ability to produce vivid mental images, a 
high capacity for becoming involved in 
imaginative activities, and a rich, vivid 
imagination are those who are most 
likely to be susceptible to hypnosis 
(Kihlstrom, 1985). 

As we saw in this chapter, the right 
hemisphere appears to play a special role 
in assessing social situations and appreci¬ 
ating their emotional signiffcance. If Bar¬ 
ber's explanation of hypnosis is correct, 
then we can see why the right hemi¬ 
sphere might play a special role m hypno¬ 
sis, too. Perhaps researchers interested in 
hypnosis will begin studying patients 
with right- or (eft-hemisphere damage, 
and neuropsychologists already studying 
these people will start investigating hyp¬ 
nosis and its possible relation to social 
and emotional variables and either con¬ 
firm or disprove these speculations. 


r KEY CONCEPTS 1 


EMOTIONS AS RESPONSE PATTERNS 

1. Kiiiotioiiid responses consist of three components: 
behavioral autonomic, and hormonal. 

2. I he atnygdala plays a central role in coordinating all 
three coinponent.s in response to threatenizig or aver¬ 
sive slinmli. In paniciilar, the central nucleus is in¬ 
volved in Conditiuned emotional responses, 

3. Tlie orbitoiVontal et)rLex plays a special role in regu- 
latiot^ of emotional responses, especially in response 
to social sitnaiions. 


A. 


3, 

6 . 


.Species-typical aggressive behaviors are controlled 
by neural circuits in the periaqtiediictal gray matter 
and the ventral legmetnal area, wllicit arc niodii- 
laied by the circuits in the hypotlialamns and ilie 
amygdala. 

Androgens liave hmh organizational and acnvatit)nal 
effccis on aggression in males and females. 
Androgens may he at least parily responsible for ilie 
increased level ol aggression seen in males of onr 
species, hut ethical considerations make it difficnli to 
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he certain, Amtanclrogeiis liave l^cen used in an at- 
tein[>t to control sex-ivlatecJ violence. 


10 , 


The amygdala is iinolved in recogiiitiuti of facial ex¬ 
pressions of emotion hm not in their production. 


COMMUWICATION OF EMOTIONS 

7, Facial expi essions of emotions appear to he species- 
tvpical responses, even in lunnajis, 

S, Recognition of facial expressions of emotions may 
invt)lve the somaujsensorv cortex, which Is respfinsi- 
hle lor perception ol ilie setisations that accom[xmy 
emotional resjjonses, 

\K Kxpression and recognilif>ti oi emotions is largely ac- 
coniphshed by neural niecfiantsms located in the 
right hemisphere. 


FEELINGS OF EMOTION 

11, The jatnes-L-ange theoi v suggests that we experience 
our own emotions through feedback from llie ex¬ 
pression of the physiological and behavioral compo- 
iienLs. Evidence iroin people with spinal corf I injt tries 
siippons this theory. 
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CHAPTER OUTLINE 





1. Explain the characteristics of a regulatory mechanism. 

2. Describe the fluid compartments of the body. 

3- Explain the control of osmometric thirst and volumetric thirst and the role of 
angiotensin. 

4. Describe the neural control of thirst 


■ Physiological 
Regulatory Mechanisms 

■ Drinking 

Some Facts About Fluid 
Balance 

Two Types of Thirst 
Neural Mechanisms of Thirst 

INTERIM SUMMARY 

ff Eating and Metabolism 
INTERIM SUMMARY 

■ What Starts a Meal? 

Social and Environmental 
Factors 

Physiological Hunger Signals 

INTERIM SUMMARY 

■ What Stops a Meal? 

Gastric Factors 
Intestinal Factors 
Liver Factors 

Satiety During the Absorptive 
Phase: Role of Insulin 

Long-Term Satiety: Signals 
from Adipose Tissue 

INTERIM SUMMARY 

■ Brain Mechanisms 

Brain Stem 
Hypothalamus 

INTERIM SUMMARY 

■ Eating Disorders 

Obesity 

Anorexia Nervosa/Bulimia 
Nervosa 

INTERIM SUMMARY 


5, Describe characteristics of the two nutrient reservoirs and the absorptive and 
fasting phases of metabolism, 

6- Discuss social and environmental factors that begin a meal, 

7< Discuss the long-term and short-term factors responsible for stopping a meal. 

8* Describe research on the role of the brain stem and hypothalamus in hunger and 
satiety. 

9. Discuss the physiological factors that may contribute to obesity. 

10. Discuss the physiological factors that may contribute to anorexia nervosa and 
bulimia nervosa. 








PROLOGUE 


I 

Not Her Fault? 


Emily and her younger brother, 
Jonathan, prided themselves on their 
lack of racial and religious prejudice. 
Jonathan was a self-proclaimed feminist 
and enjoyed telling his friends how well 
his sister was doing in her engineering 
courses at a prestigious university. He 
and his sister shared a contempt for in¬ 
tolerance and chauvinism and believed 
that if other people were more like 
themselves, the world would be a better 
place tn which to live* The few times 
that acquaintances had told jokes in 
their presence that stereotyped other 
cultures or racial groups, Emily and 
Jonathan immediately pounced on them 
and chided them for their bigotry. 

Just before the end of Emily's first 
year of college, she saw a notice asking 
for students to provide living accommo^ 
dations for foreign students who could 
not afford to return home during sum¬ 
mer vacation. She called her parents, 
who readily agreed to put someone up 
at their house. The whole family felt 
that they would enjoy getting to know 


a foreign student really well and looked 
forward to showing how nice a Worth 
American family could be. 

When Emily met her guest at a party 
that was held to introduce the students 
to their hosts, she was dismayed* The 
girl, Norella, was fat! Weil, not grossly 
obese, but certainly far heavier than she 
should be. Her face was pretty, and she 
was intelligent and witty; why didn't she 
pay attention to her diet? 

Emily and her brother exchanged a 
significant glance when she introduced 
Norella to her family* However, within a 
few days Norella had fit right into the 
family routine, and they almost forgot 
that she was fat. She helped to prepare 
the meals and do the dishes afterward; 
she charmed the whole family with her 
stories of her own country and de¬ 
lighted them with her astute observa¬ 
tions of life in their country. 

Three weeks after Norella had come 
to live with them, Emily and Jonathan 
began talking about a topic they previ¬ 
ously had studiously ignored. "You 


know," Jonathan said, "I just realized 
this evening that Norella eats less than 
you do." 

Emily looked startled, then said, 
"You're right! I hadn't thought about 
that! How can that be?" 

"I don't know," he said. "Does she 
eat between meals?" 

"No," answered Emily, "I don't think 
Tve ever seen her do that." She paused, 
looking pensive, then shook her head, 
"No. I'm positive that I've never seen 
her eat between meals. When we've 
gone out shopping together, I always 
buy something to eat. but Norella never 
does. I've offered her some of mine, but 
she’s always said, 'No*' " 

Emily and Jonathan sat together in 
silence. "You know," Jonathan said, 

"I've never really liked fat people, be¬ 
cause it seems like they don't have 
enough self-respect to keep from 
overeating. I've always thought that 
they ate like pigs. But Norella doesn't 
even eat as much as you do, and she's 
fat! Maybe it's not her fault." 


homeostasis {home ee oh stay 
Sis) The process by vyhich the 
body's substances and characteris¬ 
tics (such as temperature and glu¬ 
cose level) are maintained at their 
optimal level 

ingestive behavior (in jess tiv) 
Eating or drinking. 
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A s the Krencli pliysiologisit'iaude Bernard (1813-1878) said* 'The coiisiaiicy ol' 
the iliternal milieu is a necessary condilioii for a free life.” This famous quo 
tat inn says snceinctly what organisms in list do tn be able u> exist in environ¬ 
ments tliai are liostile to the living cells iliai compose them (thai is, to live a “free 
life"): They must provide a barrier between their cells and die external environ- 
menl—in the ca.se o[ mammals this barrier consists of skin and niuc<vtis membrane* 
VViihin the barrier they must regulate the nature of the internal lltiid that bathes the 
cells. 

The physiological charactei istics olThe cells that constitute our bodies evolved 
long ago, wfien these cells lloated freely in the ocean, in essence, what the evoln- 
lioiiary process has actompiished is the abilitv to make our own seawater for bathing 
onr cells, to add to this seawaiei' the oxygen and nutrients that onr cells need, and 
to remove trom ii waste products that would otherwise poison them. To perform 
these functions, we have digestive, resjuratory* circulatory, and excretory systems* We 
also have the behaviors necessary for finding and ingesting fond and water* 

Regulation oi' the fluid that bathes our cells is part of a process called home¬ 
ostasis (“similar standing”)* This chapter discusses the means by which we mammals 
achieve homeostatic control of the vital characteristics of onr extracellular Huid 
through uui' ingestive behavior: intake of food, water, and minerals such as sodium. 
Kirsi, we will examine the general nature of regulatory mechanisms; then we will 
consider drinking and eating and the neural mechanisms lliai are responsible for 
these behaviors. Finally, we will look at some research on llie eating disorders. 








Drinking 


i 


Physiological Regulatory Mechanisms 


A pliysiolnj^ical R'gulatory iiKTlianisni is tmc ihai niainiaiiis ihe aaisiancv ol siaiie 
internal cliaracterisilc nl t[)e organism iti ilie face ol’exiernal \ anabiliiv—I’or exam- 
[>k% keeping body teniperalnre eonslanl despite elianges in the amhieiu lempera- 
tnre, A regnialory mecinniism contains four essential features: the system variable 
(the characterislie to be regulaiefl), a set point {the optimal value of the system \ari- 
ahle), a detector that monitors the value of the svsiem \ariahU\ and a correctional 
mechanism tliat restores the system variable to the set point. 

An examjDle ol'a regitlaiory sysiejii is a room whose temperature is regulated by 
a thermostatically controlled heater. The system \'anable is the air temperauire of the 
room, and tlte detector for this variable is a tliermostat. This device can be adjusted 
so that coiitacls of a switch will be closed wlien the temperature falls below a preset 
value (the set point). Cdosnre of the contacts turns on thr^ cort eclional mechatiism— 
the coils of the heater. (See Figitre ILl.) If the room cools below the set ];)oitH of the 
thermostat, the thermostat turns the heater on, and the healer warms the room. 
The 1 ise in room temperature causes the thermostat to turn the heater t>ri. fiecause 
the aclivin' of the correctional mechanism (heat prodnciion) feeds back to ilie tlier- 
mostai and causes it to turn the lieater off, this process is called negative feedback. 
Negative [eedi>aek is an essential characteristic of all regulatory svstems. 

Tins chapter eoussiders regulaiory systems that involve ingestive behaviors: drink¬ 
ing and eating. These beliaviois are correctional mechanisms that rej^lenish the 
body's tiepleled stores of water ov nun ients. Because of the delav betw een ingestion 
and replenislnncnt of the depleted stores, ingestive behavioj’s are control let! bv sati¬ 
ety mechanisms as well as bv rletecKHs that monitor the svsteni variables. Satiety 

N* a d j 

meclianisms are required because nlAhe physiology' ofA>ur digestive svstem. For ex¬ 
ample, suppose yt>u spend some time in a hot, dry environment and lose bodv water. 
I he loss of water causes internal detectors to initiate the correctional meebanism^—^ 
drinking. Von quickly drink a glass or tw-o ofw^ater and then stop. What siojisyotir in¬ 
gestive beha\ior? The water is still in your digestive .svstem, not vet in the fluid 
siinxmnding your cells, where it is needed. Therefore, although drinking was initiated 
by detectois that mekisure your body 's need lor water, // was f/y othn wraas. 

There must be a saiietv mecliauism that savs, iu effect, “S(o|)—tliis water, when af> 
sorbed by ilie digestive system intt> the blood, w'ill eventually replenish the body^'s 
need/Satiety mechanisms monitor theaciiviiy t>f ilie correctunial mechanism (in this 
case, drinking), not the system variables themselves. When a sullicient amouni of 
drinking occurs, the satiety mechanisms stop further drinking hi fua/ajj/iliot} ofAbe 
replenishment Uiat will occur later. (See Figure IL2.) 


system variable A variable that 
IS controlled by a regulatory 
mechanism—for example, tem¬ 
perature in a heating system. 

set point The optimal vatue of 
the system variable m a regulatory 
mechanism. 

detector In a regulatory process, 
a mechanism that signals when 
the system variable deviates from 
its set point. 

correctional mechanism In a 

regulatory process, the mecha¬ 
nism that IS capable of changing 
the value of the system variable 

negative feedback A process 
whereby the effect produced by 
an action serves to diminish or 
terminate that action, a character¬ 
istic of regulatory systems. 

satiety mechanism A brain 
mechanism that causes cessation 
of hunger or thirst produced by 
adequate and available supplies of 
nulriems or water 


r Drinking 


Ib nuiiiUiiin oiii iiitoniai milieu ai its optimal state, we liave to 
drink some water Irum lime tu time. This section describes the 
control of tills form of ingestive behavior. 


Some Facts About Fluid Balance 

Bef ore yon can under.stand llie [physiological control of drink¬ 
ing, vtHi must kiiow^ something about the fluid compartments 
of the IkhIv and their relationships with each other. The bodv 
contains lour major Iluid compartments: one comjpartnient of 



Electric heater 
(correctional mechanism) 


Figure 11.1 

An example of a regulatory system. 

Thermostat Air temperature 
(detector) (system variable) 


Negative 

feedback 
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Figure 11.2 

An outline of the system that controls drinking. 
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intracellular fluid The fluid con¬ 
tained Within cells. 

extracellular fluid All body fluids 
outside cells: interstitial fluid, 
blood plasma, and cerebrospinal 
fluid. 

intravascular fluid The fluid 
found within the blood vessels, 

interstitial fluid The fluid that 
bathes the ceils, filling the space 
between the cells of the body {the 
"interstices"), 

isotonic Equal in osmotic pres¬ 
sure to the contents of a cell, A 
cell placed m an isotonic solution 
neither gams nor loses water. 


Figure 11.3 

The relative size of the body's fluid compartments. 
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intracellular iluid and three compaitinents of extracellular fluid. Appraxiinalely two- 
thirds of the body’s water is contained in the intraceUiilar fluid, the fluid portion of 
the cytoplasm of cells. The rest is extracellular fluid, which includes the intravascu¬ 
lar fluid (the blood plasma), the cerebrospinal fluid, and the interstitial fluid, htln- 
stitkii means "standing betweenindeech the interstitial fluitl stands between our 
cells—it is the "seawater” that bathes them, Ftir the purptjses of this chapter we will 
ignore the cerebrospinal fluid and coticenirate on the other three compartments. 
(See Figure lU.) 

Twt) of die fluid comparmienLs of the body must be kept within precise limits: llie 
intracellular fluid and the intravascular fluid. The iiuraceilular fluid is comiT)lled bv 
the concentratioti of soiiues in the iiitersiiiial fluid. {Soluifs the .substances dis¬ 
solved in a solutitHi.) Normally, the interslilial lluicl is isotonic (from "ecjual,'* and 
ioiios, "terrsion”) with the imracelhilai fluid. That is, the concentration of solutes in 
the cells and in the interstitial fluid that haihes them is balanced, so that w'ater does 
noi tend to move into or out of ihe cells. If the inieistitial fluid loses water (becomes 
more couceiitraied. or hypertonic), water w'ill be pulled out of the cells. On the other 

baud, ii the interstidal Iluid gains water {l>eeomes more dilute, or 
hypotonic), water will move into the cells. Kiiher condition en¬ 
dangers ceils; a loss of water deprives them of the ahiliiv to jjei- 
Idrm many chemical reactions, atui a gain of water can cause their 
membranes to rupture. Therefore, the conceturaiioii of the in¬ 
terstitial fluid must he closely regulated. {Sve Figure 11.4.) 

The volume of the blt>t>d pla.stiia must be clo.selv regulated 
because of the mechanics tA the operalitm of the heart. If the 
bkHid volume falls too lovv, the heart can no longer pump the 
hlotid effectively; if the voltime is not restoreef heart failure will 
result. This condition is called hypovolemia, literally "low^ volutne 
of the blood” (-m/V/comes from the (ireek haimru "blood”). The 
vascular system of ifie hodv can make some adjustments for foss 
of blood volume by contracting the mu.scles in sinaller veins untl 
aiTeries, thereby presenting a smaller space fur the blood to lill, 
btit liiis con eclional mechanism has definite fiinits. 

The two iniportani characteristics of the body Iluids—^the 
sufute concenlraiion of ihe intracellular Iluid auci the volume of 
the blood—are monitored by two dif fereni sets of‘ receptors. 
single set of receptors would not wxu’k. because it is possible for 
one of these fluid compartmetns to be changed without af f ecting 
the other, F't>r example, a foss of blood obviously reduces the vol- 


tntravascular fluid 
(blood plasma) 7% 

Cerebrospinal fluid 
I— (less than 1 %) 
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utiK* <)i the iiiiravasculHr fliiich but ii has no cfrccluu the vol¬ 
ume ol the iiiinicellular Ihiitl. On llie oilier hand, a sally meal 
will inerease the solute eoncentratiou ol the interstiiial (liiid, 
drawing water out of the cells, but it will not cause hypov¬ 
olemia, Thus, the bt)dy needs two sets ol receptors, one mea¬ 
suring blood volume and another measuring cell volume. 


Figure 11.4 


Effects of differences in solute concentration on the 
movement of water molecules. 


Solution A is hypertonic 
to solution B; water is 
drawn out of solution B 


Solution C is hypotonic 
to solution B; water is 
drawn into solution B 


Two Types of Thirst 

As we jnsl saw; for our bodies to function properly, the volimie 
of two fhud com[>artments—intracellular and iniravascnlar— 
must be regulated. Most of the lime, we ingest more water and 
sodium than we need and the kidnevs excrete the excess. How- 

if 

ever, if ilie levels f>f vvater or sodUini fall too low, correctional 
mechanisms—drinking water t>r ingesting sodium—aie acti¬ 
vated, FAeryoiie is familiar wuli the sensation of thirst, which occurs when w e neetl to 
ingest water, Howevei; a salt appetite is much more rare, because it is difficult for peo¬ 
ple n(ft to gel enough sodium in llteir diet, even if they do not put extra salt on their 
food. Nevertheless, the mechanisms \o increase sodium intake exist, even though 
thev are seldom called upon in members of our species. 

Because loss of water fi orn either ihe intracellular or inn avascular fhiitl coni- 
parimeiu stimulates drinking, researchers have adojjted the terms nstuomeir/r i/th si 
and ifoluttifirh iltirsi in describe them, I he term vo/atmirirh L']cAr: it refers to the me¬ 
tering (measuring) of the volume of the Idood plasma. The term wewic/r/r requires 
more explanaiitm, which will l>e jirovided in the next section. The lerm ihirsi means 
different things in different cireumstanees. Its original dennition referred to a sen¬ 
sation dial people sav thev have when they are dehydrated, f lere I use it in a de- 
script ive sense. Because we do not know how other animals feel. i/tlKsi simplv means 
a tendency t(i seek water and lo ingest it, 

Osmometric Thirst 

Osniometric thirst occurs when the tonicity (solute concenirant>n) of the inter¬ 
stitial fluid increases. This inciease draws water out of the cells, and they shrink in vol¬ 
ume. The term osmomflr/m^h^vs to the fact that the detectors are acinally responding 
to (metering) changes in the coticennation of the interstitial lliiid that surrounds 
diem, (hmosis h the movement of water ihnmgh a semipermeahle memhrane from 
a region of low solute ctnu enli ation to one of higli solute concentration. 

Tile existence of iieun>ns that resptmd to changes in the sc^Inte cone ei mat Ion 
of the iiUersiitial fluid was first livpothesi/ed by Vernev 
(1947). Vei iiey suggested that these detectors, which he 
called osmoreceptors, were neurons whose firing l ate was 
affected by their level of hvdraiitm. fhai is, if the intersti¬ 
tial fluid surrounding them became more concentrated, 
diey would h^se water through osmosis. The shrinkage 
would cause them to alter their firing rate, w hich would 
send signals t(> other ]xirts of the brain. (See Figure /7..5,) 

Wlien we eat a sally meal, we incur a pure osmometric 
thirst. The salt is absorbed from the digestive system into 
the blood plasma; hence, the hlotid plasma becomes hy¬ 
pertonic. This condititin draws water from the interstitial 
fluid, which makes iliis compartinenl become hypertonic 
too and thus causes water to leave the cells. As the hk^jd 
[>las[na increases in volume, tlic' kiflneys begin excreting 
large amounts ol ]>oih sodium and w^alt'r. Evemuallv, die 



hypertonic The characteristic of a \ 
solution that contains enough 
solute that it will draw water out 
of a cell placed in it. through the 
process of osmosis, 

hypotonic The characteristic of a 
solution that contains so little 
solute that a cell placed in it will 
absorb water, through the process 
of osmosis, 

hypovolemia (hy poh voh iee 
mee a) Reduction in the volume 
of the intravascular fluid. 

osmometric thirst Thirst pro¬ 
duced by an increase in the os¬ 
motic pressure of the interstitial 
fluid relative to the intracellular 
fluid, thus producing cellular 
dehydration. 

osmoreceptor A neuron that de¬ 
tects changes in the solute con¬ 
centration of the interstitial fluid 
that surrounds it 




Figure 11.5 

A hypothetical explanation of the workings of an osmoreceptor. 
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vofumetrk thirst Thirst produced 
by hypovolemia. 

renin iree rim) A hormone se¬ 
creted by the kjdneys that causes 
the conversion of angiotensino- 
gen in the blood into angiotensin, 

angiotensin (ann gee oh ten s/vi) 
A peptide hormone that constnas 
blood vessels, causes the retention 
of sodium and water, and pro¬ 
duces thirst and a salt appetite. 


excess sodium is excreted, along witJi tlie water iliat was taken IVom die interstitial and 
iniracellnlar llnid. Tlie net result is a Icjssol’water irf>m llie cells. At no tlmfflof^s ///cW- 
littu* of the Mood /dasmo fail. 

Most researchers now believe iliat osmoreceptors responsible for osmometric 
thirst are located in the region ol the anierit>r liypothalamns that lK)rclers the an- 
teruveniral tiji fjfthe third ventricle (llie dl ?!'). Bngg\' el ah (]979) found that in¬ 
jections ofdiyperioiiic saline directly into the A\'!W jjrodneed drinking. 

Volumetric Thirst 

Volumetric thirst occurs when the volume rd the blood plasma—the iiuravascn- 
lar volume—decreases. When we lose water throngli evaporation, we lose it liom all 
three ilnid compai tmeuLs: iiuracellular, iiUersLitial, and inUTuasculan Thus, evapo¬ 
ration [>rodnces both \olnmetric thirst and osmometric thirsi. In additimi, loss of 
blood, vomiting, and diarrhea all cause loss oh blood volume (hyjDovolemia) witliont 
dejdeting the intracelhilar Iluid. 

Loss of blood causes pine volumeu ic thirst. From the earliest recorded bistorv, 
reports ol battles note that the wounded survivors called out for vvaiei. In addition, 
because hypovolemia ittvohes a loss of sodium as well as water (ibai is, the stjdium 
that was contained In the isotonic Iluid that was lost), volnmeiric thir st leads i(» a salt 
appetite. 

What detectors are responsible for initiating volnmeiric thirst and a salt ap¬ 
petite? There are two sets oidecepiors that accomplish this dual function: one set in 
the kidneys, which controls the production of angiotensin, and one set in the heart 
and large blotid vessels (ati ial baroreceptors). 


Figure 11.6 


Detection of hypovolemia by the kidney and the 
re n i n-a ng i ote nsf n syst e m. 

Hypovolemia 


1 


Reduced flow of 
blood to kidneys 



Renin 


Angiotensin I 

\ 

Angiotensin II 


The Role of Angiotensin. The kidneys contain cells that arc able to detect de¬ 
creases in the flow of blood to tlie kidneys. The usual cause ol a reduced lltav (d bl<K>d 
is a loss of blood volume; thus, tlicse cells detect the presence of hypovolemia. When 
the flow ol hloofl to the kiduevs decreases, these cells secrete dn etizvme called renin. 

Renin enters ilie blood, where it catalyzes the conversion of a pn)^ 
teln called fingioimisinogen into a hormone called angiotensin. In 
fact, there are two for ms of angiotensin. Angiotensim^gen be¬ 
comes angiotensin I, winch is quickly converted by an cn/vme to 
angiotetrsin IL The active for m is angiotensin II, wliich I shall al> 
hi eviate as Alf. 

.\ngioleiisiii II has sevei al physiological effects: It stimulates 
the secreti<}n of hormones by the posterior pitnilary gland and 
the adrenal cortex that cause the kidnevs to conserve w^atei and 

i' 

sodiiiin, and it increases blood pressure by causing muscles in die 
small arteries to contract. In addition, All has two bchaiioral eb 
fecLs; It initiates IkhIi drinking and a sail appetite. Therefore, a re- 
dnclioii in die Ilow' of blood to the kithievs causes water and 
sodium to be telained by the body, helps to com[Kmsate for their 
loss by retlucing the size of the Idood vessels, and encourages the 
animal to find and ingest both water and salt. (See Figtire IL6A 


Angiotensinogen 


Kidney 


Retention of sodium 
Retention of water 
Increase in blood pressure 
Salt appetite 
Drinking 


Atrisi Bsforeceptors. The second set <ji receptors for v'ohi- 
metric thirst lies within tlie hear t. FhysiohigisLs had long known 
that the airia of the heart (the jiarts that receive liloorl from the 
veins) contain sensorw neurons that detect sireich. (The leiin 
horth comes from the tireek hams, “liea\T,*' and refers to weiglu or 
pressure.) The atria are jia.ssivelv hi led with bloorl being re tun ted 









Drinking 


from tlic body i^v ific veins. The more Ijlood in ihc veins, the fuller ihe alria 
become just ijefure ekteh eoniraelion ot the lieai L Thus, vvlieii llie volume of 
the blood plasma hills, the atria become less full, and the streirh recefJiors 
within tliein will detect this chanjre, 

Fit/simonsand Moore-Ciillon (!9S0) showed that inlonnation from these 
receptors can siimulaie durst. l1ieyof>erated o!i do^s aiui [>laced a small bal¬ 
loon in the inferior vena cava, the vein that brings blood from most of die 
body (excluding the fiead and anus) to the heart. When the balloon was in¬ 
flated, it reduced the flow ofblood to the Iieari and thus lowered the amount 
ol blood dial eiiiered the i ight au ium. Within thirty minutes ilie dogs began 
to drink. Qtiilleu, Keil, and Reid (U)df)) confirmed these results. They also 
found that when the uer^'es connecting the atrial barorecej^iors with the 
brain were cm, animals dratik much less water when die blootl fh>w to dieir 
heari was lenij^orarily rc^dneed. 


Neural Mechanisms of Thirst 

As yon have already learned, the osmoreceptors that initiate drinking are lo¬ 
cated in the hrain tissue around the AV3V. 1’lie entire region aioniid the an¬ 
terior third ventricle—dorsal as well as ventral—seems to he the pan ofdhe 
brain where osmometiic and vohmietnc signals are integrated to cnmrol 
drinking* The region around the AVW also appears to receive inrormaiicm 
that can stimulate volumetric thirst. Sensory inforinaiion from die harore- 
ceptors located in the atria of the heart is sent to a nurletis in the medulla: 
die nucleus of the solitary tract. This nucleus sends efferent axons u> many 
parts of the brain, including the region around ihe AV'W (see lolnison and 
Fdwai-ds, 199f)). 


Figure 11.7 

A sagittal section of the rat diencephalon, 
showing the location of the subfornical 
organ and its connection with the median 
preoptic nucleus. 
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The second signal for volumetric lliirsl ts provided by angiotensin II. Be¬ 
cause tins peptide does not cross the bk>od-hraiii barrier, it cannot directly affect 
neurons in the brain except for those located in one of the circnmveniricular organs. 
In fact, research indicates that one of these organs, the subfornical organ (SFO), is 
the site at which blood angiotensin acts to j^roducc thirst. This strucitire gets its 
name from its location, just below the commissure of the vetitra) fornix, (See Fi^re 
//,7,) 

Simpson, Epstein, and C^amardo (197H) found that very low doses of angiotensin 
injected direedy inu> the SFO caused drinking and that destruction of the SFO or 
injection ol' a drug that blocks angiotensin receptors abolished the drinking that 
normally occurs when angiotensin is injected into the blood. In addititm, Phillips 
and Felix (197h) found that injections of minute quantities of angiotensin into die 
SP'O increased the firing rale of single neurons located there; ev idently, these neu- 
roiis contain angiotensin receptors* 

Neurons in the subfornical organ send their axons to the median preopdc nu¬ 
cleus (not to be confused with the mnlUd preoptic nucleus), a small nucleus wrapped 
around the front oJ the anterior coinmissnre, a fiber bundle that connects the amyg¬ 
dala and anterior temporal lobe* (See Fi^ire 7/*7*} 

On the basis ol diese findings, Thrasher and liis colleagues (see Thrasher, 19S9) 
suggested that the region in front of the third ventricle acts as an integrating system 
f or most < all of the stimuli foi‘t>sinometi ic and volumetric thirst. As you just saw; the 
median preoplic nucleus receives inidrmaiion fi tim angiotensin-sensitive netirons in 
the SFO. In addition, this nnclens receives iniormaiioii from the region around the 
AV.W (which contains osmoreceptors) and from the luicleiis of the .solitary tract 
(which receives information fiom the atrial baroreceptors). According to Thrasher 
anci his colleagues, the median preoptic nucleus integrates the information it receive.s 


nudeus of the solitary tract A 
nucleus of the medulla that re¬ 
ceives Information from visceral 
organs and from the gustatory 
system. 

subfornical organ (SFO) A small 
organ located in the confluence 
of the lateral ventricles, attached 
to the underside of the fornix; 
contains neurons that detect the 
presence of angiotensin in the 
blood and excite neural circuits 
that initiate drinking. 

median preoptic nucleus A 

small nucleus situated around the 
decussation of the anterior com¬ 
missure; plays a role in thirst stim¬ 
ulated by angiotensin. 













CHAPTER t1: Ingestive Behavior 


www.ablongnnan.com/carlson6e 


Figure 11.8 


Neural circuitry concerned with the control of drinking. Not all 
connections are shown, and some connections may be indirect. 
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and, ihixni^li its etfercm conneclinns with nilier pans o(‘ 
lltf brain, cnnlrnls dnnkiitg. (Set" Figure 1L8.) 

The reginn nf ihe seerns lo play a criiical role 

in nnid regulation in humans as well. For example, 
Mclver el ah () report tlun )>rain dajnage lhat in- 
el ucles ihis region can cause —lack of drinking. 

The paiieius repori no seirsaiion of ihirsi even atlei ihey 
are given an injeciioti rd hypertonic saline. To survive, 
they musi deliberately drink water at regular intervals 
each day, even iliough tliey leel no need to do st>. 
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Adapted from Thrasher, T N. Acfa Physsofogica Scandanivka, 1989, 
141-150. 


Physiological Regulatory Mechanisms 
and Drinking 

A regulatory system contair>s four features: a system variable 
{the variable that is regulated), a set point (the optimal value 
of the system variable), a detector to measure the system vari¬ 
able, and a correctional mechanism to change It. Physiological 
regulatory systems, such as control of body fluids and nutrients, 
require a satiety mechanism to anticipate the effects of the cor¬ 
rectional mechanism, because the changes brought about by 
eating and drinking occur only after a considerable period of 
time. 

The body contains three major fluid compartments: intracellular, interstitial, and in¬ 
travascular Sodium and water can easily pass between the intravascular fluid and the inter¬ 
stitial fluid, but sodium cannot penetrate the cell membrane. The solute concentration of the 
interstitial fluid must be closely regulated. If it becomes hypertonic, cells lose water; if it be¬ 
comes hypotonic, they gain water The volume of the intravascular fluid (blood plasma) must 
also be kept within bounds. 

Osmometric thirst occurs when the interstitial fluid becomes hypertonic, drawing wa* 
ter out of cells. This event, which can be caused by evaporation of water from the body or 
by ingestion of a salty meal, is detected by osmoreceptors in the region of the anteroven- 
tral third ventricle (the AVBV). Activation of the osmoreceptors stimulates drinking. 

Volumetric thirst occurs along with osmometric thirst when the body loses fluid through 
evaporation. Pure volumetric thirst is caused by blood loss, vomiting, and diarrhea. One stim¬ 
ulus for volumetric thirst is provided by a fall in blood flow to the kidneys. This event trig¬ 
gers the secretion of renin, which converts plasma angiotensinogen to angiotensin 1, 
Angiotensin I is subsequently converted to its active form, angiotensin IL Angiotensin if acts 
on neurons in the brain and stimulates thirst. The hormone also increases blood pressure and 
stimulates the secretion of pituitary and adrenal hormones that inhibit the secretion of 
water and sodium by the kidneys and induce a sodium appetite. (Sodium is needed to help 
restore the plasma volume.) Volumetric drinking can also be stimulated by a set of baro¬ 
receptors in the atria of the heart that detect decreased blood volume and send this infor¬ 
mation to the brain. 

The region of the AV3V detects and integrates signals that produce both osmometric 
and volumetric thirst. Volumetric thirst stimulated by angiotensin involves another circum- 
ventricular organ: the subfornical organ. Volumetric thirst stimulated by the atrial stretch re¬ 
ceptor system reaches the AV3V region via a relay in the nucleus of the solitary tract. Neurons 
in the SFO and the AV3V region (which, you will remember, contains osmoreceptors) send 
axons to the median preoptic nucleus. Neurons in this nucleus stimulate drinking through 
their connections with other parts of the brain. 
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THOUGHT QUESTION 

How do we know that we are thirsty? What does thirst feel like? it cannot simply be a dry 
mouth or throat, because a real thirst is not quenched by taking a small sip of water, 
which moistens the mouth and throat as effectively as a big drink does. 


i 
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(iic-arly; outing is one* of ilie niosl iniportaiu Uiings \vc do, and it can also hv ono of 
iUv most pleasurable, Mncfi ofwlial an animal learns to do is motivated bv the coti- 
staiu sti uggle to obtain Ibod; thus, the need to ingest undoubtedly shaped tlie evo- 
hilioiiary development ofoiir own sf^ecies. After fiaving read tfie fust jxin of this 
cliapter, in which you saw tliat the signals tltal cause tliirst are well iindersiood, you 
iniglii be surprised to learn that researchers are only now thstanei ing what the svs- 
leiii variables for hunger are. (^(mtrol of iiigestive helnmoi is even tm>re coin]>li- 
cated tlian ilie control of drinking and sodium intake. We can acliieve water balance 
by the intake of two ingredients: water anri sodium chlm ide, W'lien we can we niiisi 
obtain adequate amounts of carbohydrates, fats, amino acids, vitamins, and miner¬ 
als other than sodiun). I'lms, our fooddngesiive behaviors are more complex, as are 
tile physiological mechanisms that control them. 

To stay alive, our cells must be sujjplied with fuel and oxygen. (Thviously, fuel 
comes from the tligestive tract, and its j)resence there is a result of eating. But tlie 
digestive trad is sometimes empty; in fact, most of us wake up in the morning in that 
condition. So there has to he a reservoir that stores nutrients to keep the cells oi the 
body nouri.shed when the gni isetnjitv. Indeed, there are nvo reservoirs: one short¬ 
term and the other long-term, 1 fie sliori-term reservoir stores cajbohvdrates, and 
the long-term reservoir stores I’ats. 

I'he short-ierm reservoir is located in the cells of the liver and the muscles, and 
it is filled with a complex, insoluble carbohydrate called glycogen. For simplicity I will 
consider only one of these locations: die liver, ('ells in the liver convert glucose (a .sim¬ 
ple, soluble carliohydrate) into glycogen and store the glycogen. They are stimulated 
to do st> bv tfie presence of insiilm, a peptide hormone produced by die pancreas, 
rims, wlieii glucose and insulin are present in the blotKl, some of the glucose is used 
as a fuel, and some of it is stored as glycogen. Later, when all of the food has been al> 
sorbed from the digestive tract, the level of glucose in die blood begins to fall. 

The fail in glucose is detected bv cells in the pancreas and in the brain. The paiw 
creas responds by stopping its secretion of insulin and starting tf) secrete a different 
peptide hormone: glucagon. The effect of glucagon is opposite that of insulin: It 
siimulaies the conversion ofgivcogcn into glucose. (Unforttmately, tlie terms 
gfycffgrn, and gliiatgof/ are similar enough that it is easy to confuse them, Kveii worse, 
you will stion encounter aiioilier one: gfymai.) (See figure 11.9.) Thus, tlie liver soak.s 
up excess glucose and stores It as glveogen wlien pleiitv of glucose is aiailahle, and 
it releases glucose from its reservoir when the rligesiive tract becomes empty and the 
level of glucose in tlie bh>od begins to fall. 

The carboliydrate reservoir in tlie li\er is primarilv re¬ 
served for lire eeniral nervous svstem. When yon wake in the 

- r 

morning, your firain is being fed by vour liver, w'lncli is in die 
process of convening glycfigen to glucose and releasing it into 
die bkiod. The glucose reaches the C'NS, where it is absorbed 
and metaboli/c<l by the neurons and the glia, lliis proce.ss 
can continue for a few' hours, until all of the carlxdivdrate 
reservoir in tire liver is used up. (The average liver holds a|v 
proxiniaiely 300 calories of carbohvdraie.) Usuailv. we eat 


glycogen tgfy ko jen) A polysac¬ 
charide often referred to as ani¬ 
mal starch; stored in liver and 
muscle; constitutes the short-term 
store of nutrients. 

insulin A pancreatic hormone 
that facilitates entry of glucose 
and ammo acids into the cell, con¬ 
version of glucose into glycogen, 
and transport of fats into adipose 
tissue, 

glucagon igloo ka gahti) A pan¬ 
creatic hormone that promotes 
the conversion of liver glycogen 
into glucose. 


Figure 11.9 

Effects of insulin and glucagon on glucose and glycogen. 
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triglyceride {try gtiss er ide) The 
form of fat Storage m adipose 
cells; consists of a molecule of 
glycerol joined with three fatty 
acids, 

glycerol igiiss er aif) A substance 
(also called glycerine) derived from 
the breakdown of triglycerides, 
along with fatty acids; can be con¬ 
verted by the tiver into glucose, 

fatty acid A substance derived 
from the breakdown of triglyc¬ 
erides, along with glycerol; can be 
metabolized by most cells of the 
body except for the bram. 

fasting phase The phase of me¬ 
tabolism during which nutrients 
are not available from the diges¬ 
tive system; glucose, amino adds, 
and fatty acids are derived from 
glycogen, protein, and adipose tis¬ 
sue during this phase. 


.sonic food before this leservoir gets depleted, which permits us lu refill it. But if we 
do not cut, the (-NS liiis to start living on (he products of the long-term reservoir. 

Out long-term reservoir ctinsists o(‘adipose tisstie (fat tissue), Tliis reservoir is 
itiled with fats, or, more precisely, with triglycerides. Triglycerides are nnnplex mol¬ 
ecules tliat contain glycerol (a soluble carbohydrate, also called ghmitie) combined 
with three fatty acids (stearic aci<l, oleic acid* and palmitic acid). Adipose tissue is 
found just lieneath tlie skin and in various locations in the abdfiniinal caviiv. It con¬ 
sists of cells that are capable of absorl:)ing mitrients fioni the blood, converting them 
to triglycerides* and storing them, riiese cells can exj:)aiid eiiurmously in size; in 
fact, the primary physical diiference between an obese person and a person of nor¬ 
mal w'eighi is the size of their Iki cells, wlilch is (leiermiued by tlie amount ofdriglyc- 
erides that iliese cells ctmtain. 

The long-term fat reservoir is obvitutsly what keeps us alive wiien we ai e fasting. 
As we begin to tise tlic con tents of oin shon-term carboliydrate reservoir, lat cells 
start converting triglycerides into fuels dial the cells can use and releasing these iu- 
cls into tlie bloodstream. As we just saw, when we awaken in the men ning with an 
empty digestive tract, our brain (in fact, all olThe central nervous system) is living 
on glucose released by the liver. But what about the other cells oidhe body? They are 
living on fatly acids, sj^aring the glucose tor the la ain. As you will recall from Chap¬ 
ter 3, die sympathetic nervous systetu is primarily involved in the breakdown and uti- 
lizaiion of sioretl nutrients, V\ hen the digestive system is empty, there is an increase 
in the activity of die syinpaihetic axons that innervate adipose tissue, the pancreas, 
and the adrenal medulla. All three cflects (tlirect neural stiiiiulatitHi, secretion ol 
ghicagoii, and secretion of adrenal hormones) cause triglycerides in the long-term 
fat reservoir to be lirokeu down into glycerol anti fatty acids, diie fatty acids can be 
directly metabolized by cells in all ol the hcxly mepi ihr* //mb/, wliich needs glucose, 
Thai leaves glycerol. Tlie liver takes up glycerol and converts it to glucose, I hai glu¬ 
cose, too, is available to the brain. 

You may be asking why the cells of the rest t>f the body treat the fjiain so kindly, 
letting it consume almost all theglueo.se that the liver releases Iroin its cai bolivdraie 
reservoir and constructs from glyeerok The answer is simple; Insulin has several 
other fimetions liesides eausiiig glucose to be convened to glycogen. One of these 
functions is controlling the entry of glucose into cells. To be taken into a cell, glu¬ 
cose must )>e transported there hv g!ucost* (rrinspolifers —protein molecules that are sit¬ 
uated in tlie niemlirane mid are similar to diose responsible for the reujslake tjf 
iransniitter substances, (ilucose transporters contain insulin receptors, which con¬ 
trol their activity; only w hen insulin binds witli these receptors can glucose he trans¬ 
ported into the cell. But the cells of the nervous system are an exception to this rule. 
Tlieir glucose U'ansp<>i lers do not ctmtain insulin receptors; tfius* these cells can ab¬ 
sorb glucose fw// zohm instifht rs not pnwfnt. 

Figure I Til) reviews wliat I iiave said so far about tlie nielabolisni that takes 
place wliile the digestive irael Is empty, which physiologists refer lo as the fasting 
phase of metabolism. A fall in the blood glucose level causes the panel eas lo sUip se¬ 
creting insLilin and to start secreting glucagon. The absence of in,sulin means that 
rno.st of the cells ofdlie body can no longer use glucose; thus, all the glucose present 
in the bU>od is reserved lor the central nervous system, fhe presence of glucagon 
and the absence of insulin instructs the liver to start drawing on the short-term car- 
liohydrate reservoir—u> start conveniug its glycogen into glucose, Tlie presence of 
glucagon and the absence ol insulin, along with increased aciiviiy oi the sympathetic 
nervous system, alst> instruct hu cells to start drawing t>n tlie Itmg-terni fat reser¬ 
voir—to start fireaking down triglycerides into fatty acids and glycerol. Most of the 
body lives on tlie faitv acids, and the glycerol, wliicli is converted into glucose by the 
liver, gets used by the brain. If fasting is jjroloiiged, proteins {especially protein 
found in muscle) w'ill be broken down to amino acids, which can be metabtili/ed bv 
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Figure 11.10 

Metabolic pathways during the fasting phase and absorptive phase of metabolism. 



Nutrients received 
from digestive system 

I 

Fat 


When digestive 
system contains 
food (absorptive 
phase) 


Short-term Long-term 
reservoir reservoir 


t 


Glycogen 
(animal starch) 

Liver 


I 


t + 


Triglycerides 

Adipose Tissue 


When digestive 
system is 
empty (tasting 
phase) 


Glucose 


Fatty acids 


Glycerol 

Glucose 


Amtno 

acids 


Protein 

synthesis 


^ Energy 
Muscles 

and Rest of Body 


Energy 


Energy 


Brain 


Energy 


all of tlie hody except the central nervous system, (See Figure ILlOimd Animation 
Metabolhm.) 

I he phase of metabolism that occurs when food is present in the digestive tract 
is called tfie absorptive phase. Xoiv that you understand the fasting pliase, this one 
is simple. Suppose that wc eat a halancerl meal of'carbohvdrates, proteins, and fats. 
The carbohydrates are Innkeu down into glucose, and the pix>teinsare hjoketi down 
into amino acids, f'he fats basically retnain as fats. l,ei us consider each t>rthese llnec 
nutrients. 

h As we Stan absorbing the initrienis, the level ol'glucose hi the hloorl l ises. This 
rise is detected by cells in the brain, which causes the activity of the svmpathetic 
nervous system U) decrease and the activity of tlie parasympaibelie nervous svs- 
lein to increase, Tfiis change tells the j^ancreas lo stop secreting glucagon and 
lo begin secreting insulin . T he insulin permits all Ute cells of the body to use glu¬ 
cose as a fuck Extra glucose is eonverted into glycogen, whicfi hlls llie short¬ 
term carbohydrate reservoir. If some glucose is left over, it is converted intt) fat 
and absorbed bv lai cells, 

2* A small proportion of the amino acids received from the digestive traci are used 
as building blocks to cousiruci proteins and peptides; the rest are converted to 
fais and stored in adipose tissue, 

3. Fai.s are not used at diis dme; they are simpiv stored in adipose lissue. (See Fig¬ 
ure IJJOA 



Animation 11.1, Metab- 
olism^ reviews the stor¬ 
age and breakdown of 
nutrients during the fasting 
phase and absorptive phase of 
metabolism. 


absorptive phase The phase of 
metabolism during which nutri¬ 
ents are absorbed from the diges¬ 
tive system; glucose and amino 
adds constitute the principal 
source of energy for cells during 
this phase, and excess nutrients 
are stored in adipose tissue in the 
form of triglycerides. 
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INTERIM SUMMARY 


Eating and Metabolism 

Metabolism consists of two phases. During the absorptive phase we receive glucose, amino 
acids, and fats from the intestines. The blood level of insulin is high, which permits all cells 
to metabolize glucose. In addition, the liver and the muscles convert glucose to glycogen, 
which replenishes the short-term reservoir. Excess carbohydrates and amino acids are con- 
verted to fats, and fats are placed into the long-term reservoir in the adipose tissue. 

During the fasting phase the activity of the parasympathetic nervous system falls, and 
the activity of the sympathetic nervous system increases. In response the level of insulin fails, 
and the level of glucagon and the adrenal catecholamines rises. These events cause liver 
glycogen to be converted to glucose and triglycerides to be broken down into glycerol and 
fatty acids. In the absence of insulin only the central nervous system can use the glucose 
available in the blood; the rest of the body lives on fatty acids. Glycerol is converted to glu¬ 
cose by the liver, and the glucose is metabolized by the brain. 




What Starts a Meal? 


riie heatliiig to this section is a vecv siinpie question, but tlie answer is complex. Tlie 
slioi i answer. 1 suppose, is that we si ill are noi .sure, hni ihai will not slop me from 
contimiiiig to write. In iacu many factors suiri a meal, inclnrling the presence of ap¬ 
petizing the company of people who are eating, or ihe words "It's time to eatl” 
More fundamentally, there mttsi he some sort of signal that tells die brain that tin* 
supply of nuinents has gotten low and that it is time to begin looking Idr. and in- 
gesting. some food. This section considei s all of tliese factoi s. 

before I begin. I will point out dial the physiological signals that cause a meal to 
begin aie different from ifie ones that cause it to end. As 1 said in die discussitm of 
regulatt>ry systems at the beginning of this rliapier. there is a txinsiderablc delay fje- 
iween the act of eating (the correctional jneclianisni) and a change in die system 
variable. We mav start eating because the siqiply of nnirients has fallen below a cer¬ 
tain level, but we certainlv do not stop eating because tlie level of those nutrients has 
lieen resUn ed to nonnak In fact, we stop eating long before that happens, because 
digestion takes several hours. I’htis, the signals for hunger and satiety are sure to be 
■rent. 


Social and Environmental 

Most pet>ple. if diey were asked w hy lliev eat. would say that they do so because tliey 
gel hungrv. by that they jirobably mean ifiat somediing happens inside tlieir body 
that jirovicles a sensation that makes them want to eat. In other words, we tend to 
think of eating as something prtivoked by pfiysiological lUciors. But often we eat lie- 
cause of habit or because of some stimuli present in our environment. I'hese stim¬ 
uli mav include a clock inclicating that it is time to eat, the siglii of a plate of food, 
die smell of‘ food cooking in the kitclien, oi‘ the piesenee of other petiple silting 
around the table. 

One of die most important vai iables affecting apjietile is tfie meal scfiedule. We 
tend to take onr meals at fixed dines: soon after waking, at midday, and in the 
evening. Tliis custcnii makes it difficult for us to adjust tlie timing of our meals, as 
otlicr animals can do. VMiai we dci instead is adjust the v/zeed onr meals. If we liave 
eaten recently or if die pi evlous meal was large, we tend to eat a smaller meal (Jiang 
and llniu. 19H-h de Ciisiro et al.. 198(V). However, il someone else prepares anti 










What Starts a Meal? 



Social factors, and not just physiological ones, affect when and how much we eat. 


serves us oui mciil (for example, at a rcsiaui aiU)» we are more likelv lo igtiore iir 
lenial satiety signals aiul flnisfi what is on our plate. 


Physiological Hunger Signals 

Most of the lime, we begin a meal because it is lime to eat, file amoimt of food we 
eat din ing tl^at meal de[5ends on several factors, including the ainonnt and varieiv 
oi food availal^Ie to ns aiul how good ilie hMid tastes U) ns. But the amouru of food 
we cal also depends r>n ineiabolie faeiors. If we ski]> several meals, we get li angrier 
and luingrier, presumably because of physiological signals indiratitig that we liave 
been willidrawing nuu iems from our long-term resei voir. 

A fall in blood glucose level fa condition known as hypoglyff^mh) is a potent stim¬ 
ulus for liimger, I lypoglycemia can be produced experimemtallv bv giving an animal 
a large injecuon of insulin, wliicli causes liver cells and lat cells to lake up glucose 
and store it away. We can also deprive cells of glucose by injecting an animal w'iili 2- 
deoxyglncose (2-D(i). You are already familiar with liiis cliemical, because I have de¬ 
scribed several experiments in previ()us cliapiers that used radioactive 2-DG in 
conjunction with PBT scanners or autoradiography to study the meiabolk rate ul dil- 
fereni parts of the brain. When {nonradioactive) 2-DG is given in large doses, ii in- 
lerferes with glucose meiabolism In competing with glucose lor access ny the 
mecliaiiism that transports glucose through the cell membrane and for access to the 
en/ymes tliat metabolize glucose, {A similar chemical, 5-7G, lias the same effect.) 
Both liypoglycemia and 2-l>(; cause gliico privation; tliat is, they deprive cells of glu¬ 
cose. And giticoprivaiion, whatever its cause, stimulates eating. 

Hunger can also he produced by causing Lipoprivation —depriving cells oHipids. 
More precisely, they are depnxed of the ability to metabolize fatty acids dirougli in¬ 
jection (il one of two drugs, methyl paimoxlrate (MP) or mercaptoacetate (MA), 

What is tile nature oJ the detectors tliai monitor the level of meiabolic fuels, and 
where are tliey located? The evidence that has been gathered Sf> far indicates that 
tliere are iwy) sets of detectors: one set located in the brain and die other set located 
in the liver. 

Let’s llrst re^'iew ilie evidence for the detectors in tlie liver, A stndv by Noviii, 
VknderWeele, and Rezek (1973) suggested tliat recepun s in the liver can stimulate 
glucoprivie Iruiiger; wlien these neurons are deprived ornutrient.s, they cause eating. 


gIucoprivation A dramatic fall in 
the level of gfucose available to 
cells; can be caused by a fall in the 
blood level of glucose or by drugs 
that inhibit glucose metabolisnn. 

lipoprivation A dramatic fall in 
the level of fatty acids available to 
cells; usually caused by drugs that 
inhibit fatty acid metabolism. 

methyl palmoxirate (WIP) A 
drug that inhibits fatty acid me¬ 
tabolism and produces lipophvic 
hunger. 

mercaptoacetate (MA) A drug 
that inhibits fatty acid metabolism 
and produces lipoprivic hungen 
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Figure 11.11 

The hepatic portal blood supply. The liver receives water, 
minerals, and nutrients from the digestive system through 
this blood supply. 
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Figure 11.12 

Probable location of nutrient receptors responsible for hunger 
signals. 

The brain cannot metabolize 
fatty acids; receptors detect 
only glucose levels. 


Signal to brain 
via vagus nerve 



The liver can metabolize glucose and fatly acids; 
receptors detect levels of both nutrients. 


Thr ill vest l^a lots infused "2-1 )G into the hepatic portal 
vein. Tills vein biiiiffs blood IVojn the intestines to tiu- 
liver; thus, an injection ol a drug into this vein delivers it 
directly to the liver. (See Fi^trv / /.//.) I he investigators 
found that the inlraportal iuhisious ol 2~lXi caused im¬ 
mediate eaatig. When they cut the vagus nerve, which 
connects the liver with the brain, the infusions no longer 
sliniulaled eating. T hus, the brain receives tile liunger sig¬ 
nal through this connection. 

What about lijjroprivic hunger? Ritter and Taylor 
{1990) induced ii[>ro]>nvic hiuiger with an injection ol 
MAaiul found tliai cutting the vagus nerve abolished this 
hunger. Furthermore, Lutz, Dieuer, and Scharrer (1997) 
Idund that infusion oi'MA inir> the hepatic portal vein in¬ 
creased the activity ol aflerent axons in the hepatic 
branch of the vagus nerve. Thus, the liver appears to con¬ 
tain receptors that detect low availal)ility ol gluct>se or 
fatty acifls (glucopi ivaiion or li]:>t>privation) and sentl this 
information to the brain through the vagus nerve. 

Now' let's look at some i>f the evidence that indicates 
that the brain lias its own nutrient detectors. Bt'canse llu' 
brain can use only glucose, it would make sen.se tliat these 
detectoi s l espond to gluct»pi1\'ation—and, indeed, they 
du. Ritter, sSlusser. and Stone (I981) injected r>-T'(» into 
eitiler the third ventricle or the fourth ventricle. (.Vlfi, 
like 2-DCk produces glucoprivatitin.) Injectitins iuu^ the 
fourth ventnclc stinudated eating, but injections into the 
third vcniricle (located in the middle of tlie dien¬ 
cephalon) had no effect. Presuniahly, the h-TC* diffused 
out oi'rhe fourth ventricle Into the surrounding brain tis¬ 
sue and inhibited glucose meiabolisin in neurons in the 
hindbrain. 

The location <il the hindbrain nutrient receptors is 
not yet known, f>ut one possible location is the area 
ptistreina or the adjacent nucleus of ihe solitary tract, lo¬ 
cated in the medulla. Bird, Gardone, and (Contreras 
(198S) found that after llic ai ca posireina had been ile- 
siroved. an injection of n-TCi into the ventricular system 
no longer siimulatefl j'ood intake. 

To suniinari/e: The brain ccaitains detectors that mon¬ 
itor the availabilih oi glucose (its only fuel) inside the 
blood-brain barrier, and ilie liver contains deieciois die 
monitor the availability of nutrients (glucose and fatty 
acids) outside the blood-brain barrier. (See Figure ilA2.) 


INTERIM SUMMARY 


hepatic portal vein The vein that 
transports blood from the diges¬ 
tive system to the liver. 


What Starts a Meal? 

Many stimuli, environmental and physiological, can initiate a meal. Stimuli associated with 
eating—such as clocks pointing to lunchtime or dinnertime, the smell or sight of food, or (es¬ 
pecially) the taste of food—increase appetite. The size of a meal taken by a rat (or a person 
living in isolation) determines the interval until the next one. In contrast, most people eat 
at relatively fixed times but vary their intake according to how much (or when) they ate the 












What Stops a Meal? ^ 


previous nneal. The presence of other people tends to increase the size of our meal and re¬ 
moves the controlling effect of the previous meal* 

Studies with inhibitors of the metabolism of glucose (Z-DG or 5-TG) and fatty acids (MP 
or MA) indicate that fow levels of both of these nutrients are involved in hunger; that is, an¬ 
imals will eat in response to both glucoprivation and lipoprivation. The signal for Hpoprivlc 
eating is detected by receptors in the liver and transmitted to the brain through sensory ax¬ 
ons of the vagus nerve* Glucoprivic eating can also be stimulated by interfering with glucose 
metabolism in the region surrounding the fourth ventricle by injecting 5-TG into the fourth 
ventricle; thus, the brain stem contains its own glucose-sensitive detectors. Although the ev¬ 
idence is not yet conclusive, these detectors may lie in the area postrema/nucleus of the soli¬ 
tary tract* 

THOUGHT QUESTION 

Do you find hunger unpleasant? I find that when I'm looking forward to a meal I partiC' 
ularly like, I don't mind being hungry, knowing that I'll enjoy the meal that much more* 
But then, I've never gone without eating for several days. 


i 


What Stops a Meal? 


As we saw, the signals iliai stop a meal ai e clif'ferem from those that start it. 1 lowever, 
these two types of signals interact. If a meal is started wlien there is not miicli jrhys- 
iolugical need for ntitrictus {that is, wlieii the nmrieni reservoir.s are well stocked), 
the meal will be a small one, lint if a meal is started after a long fast, wlien the nu¬ 
trient reservoirs are somewhat depleted, the meal will be a large one. In other words, 
if the hunger signal is moderate, a tnoderate satiety signal will stop the meal. If the 
htmger .signal is strong, only a strong satiety signal will stop it. 

There are two primary sotirces of satiety signals—the signals that stop a meal. 
Short-term satiety signals come from the inimediaie c«niseqnence oj' eating a par¬ 
ticular meal. To search for the.se signals, we follow the patliway traveled bv ingesietl 
food: the stomach, the .small intestine, and the liver. F.aclt of these locations can po¬ 
tentially provide a signal to the brain that indicates that food lias been ingested and 
is progressing on ilie way toward absorption. In adthtion, metabolic .signals ]rre.sem 
in the blood inform the frrain that the body is in the absorptive pliase. Long-term 
.satiety signals arise in the adipose tissue, which contains the long-term nutrient reser¬ 
voir. These signals do not control the beginning and end of a particular meal, lint 
lliey do, in the lung run, control tlic intake of calories by modulating the sensitivitv 
of brain mechanisms involved in lumger. 


Gastric Factors 

most people associate feeliiif^s oriiunger with “htiiiger pangs" in the stom¬ 
ach and feelings of satiety with an im[>res.s[on of gastric ffillness* lire stomach is not 
necessary for feelings of hungei\ Humans whose stunnichs have been removed be- 
catise of cancer or ihv presence of large nlcers still periodicallv get himgrv (In- 
geltinger, 1944). Of necessity these people eat frequent, small meals; in fact, a large 
meal causes jiatisea aEul discomfoi t, apj^arenily because the duodenum quickly fills 
up. The duodenum is the part of the small iiitesiine that attaches to the stomach. 
(The original Cireek name for this pan of the gut was dodekmlaktHlon, or "twelve lin¬ 
gers long." In fact, the duodemim is twelve linger long*) However, altlKmgh 

the stomach might not be especially important in producing hunger, it does appear 
to play an iniporiani role in satietv* 

The stomach apparently contains receptors that can detect the presence of nu- 
liieiiLs. Davi*s and Campbell (1973) allowerl rats lo eat their fill, and shordv thereafter. 


duodenum The first portion of 
the smaJI intestine, attached di¬ 
rectly to the stomach* 
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cholecystokinin (CCK) (coa/ i sis 
toe ky nin) A hormone secreted 
by the duodenum that regulates 
gastric motility and causes the 
gallbladder (cholecyst) to contract; 
appears to provide a satiety signal 
transmitted to the brain through 
the vagus nerve, 

peptide (PYY) A peptide 

released by the gastrointestinal 
system after a meal tn amounts 
proportional to the size of the 
meal. 


Llicyi (--moved food from ilif l iUs stomachs through an implanted tube. VVlien the rats 
were permiueti to eat again, they ale almost exactly the same amount of Inod that liad 
been taken out. Tins lindiug suggests iliat animals are able to monitor iheamouiu ni' 
food ill their stomaclis. 

neuisch and Chni/ale/ (19S0) coniinned and extended these Iindings. fhey 
found dial when iliey removed Ibod f rom the stomach of a rat that hari just eaten 
all it wanted, the animal would immediately eat just enough food to replace what 
liad ])een removed. The rats ate iliis aiiit.>unt even when the experiineniers replaced 
ilie food with a iionnuti itive saline solution. Obvitmsly, the rats did not siin]?ly mea- 
sure the volume of tlie food in llieir stomachs, because thev were no! hjoled hv the 

a # 

infusion of a saline solution. Of course^ this study proves only tliat the slotuach con¬ 
tains luiirienl recepUus; it does not prove that there are not detectors in the in¬ 
testines as well. 


Intestinal Factors 

Indeed, the iiUesliues do contain uutriem detectors. Studies have shown that alfer- 
eni axons arising from the diuHlenum are sensitive to the presence of glucose, amino 
acids, and fatty acids (Ritter et al., 1992). These axons may transmit a satiety signal 
to the brain. 

Fetnle, Grundv, and Read (1997) placed an iiillatable i>ag in people's stomachs. 
When the stomach and duodenum were emf>ty, the subjects reported that they sim¬ 
ply fell bloated when the bag was in Hated, filling the stomach. However, when fats 
or carbohydrates were inlused into the duodenum while the hag was being iiiflaied, 
die [>eo[>le reported sensations of fullness like those experienced af ter eating a meal. 
ITiiis, stomach and intestinal satiety factors can interact. That's not surprising, given 
the iacL that by the lime we finish a normal meal, our stomachs are full and a small 
amount ofnutrieni.s have been received hv the duodenum. 

After food reaches the stomach, it is mixed with hydrochloric acid and fiepsin, 
an enzvme that breaks proteins into their constiiuent amino acids. As digestion pro¬ 
ceeds, food is gradually introduced into the fluodennm. There, the food is mixed 
with bile and pancivatic enzymes, wlncli continue the digestive process. The duo¬ 
denum controls the rate of stomach emptying by secreting a peptide hormone called 
cholecystokinin (CCK), This hortnone got its name from the fact liiai it causes the 
gallbladder (cholecyst) lu contract, injecting bile into the ducKlenmn. (Bile l>reaks 
fats down into small paiTiclesst> that they can he absta bed from ilie intestines.) (X'K 
is secreted in respon.se to the presence offals, which are delected by receptors in the 
walls of the duodenum. In addition to siimnlaLing contraction of the gallbladder, 
CC.K causes die pylorus to constrict and inhibits gastric conti actions, thus keeping 
the stomach from giving it more food. 

Obviously, the blood level of (]CR mitsi l>e related to the amount of nutrients 
(pariicnlaiiy lals) that live duodenum receives from the stomach. Thus, this hor¬ 
mone could potentially provide a satiety signal to the brain, telling it that the duo¬ 
denum was receiving food from the stomach. Many studies have indeed fonutl that 
injections of COR suppress eating (Cnhhs, Young, and Smith, 197S; Smith, Cnhbs, and 
Knlkosky. 19H2). In addition, a strain of rats with a genetic inniation that prevents the 
production (ji'C(]R receptors become obese, apparently hecanse of a disruption in 
normal saiieiv (Moran et ak, 1998). The suppressive effects are only temporary: if 
CXIK is atlminisiered with each meal, the animal eats less but then compensates for 
llie decreased food intake bv taking more ifeqnent meals (West, Fey; and Woods, 
1984). Thus, eX.R is involved in short-tenn satiety, not loiig-ierm satiety. 

Recently, investigators have discovered a clvemical produced by cells in the in¬ 
testinal tract that may serv^e as a satieiv signal. This chemical, peptide (let’s just 

call it PYY) is released after a meal in amonius proportional to the caltn ies that were 
just ingested (Pedersen-Bjergaard et ah, 199b: Baiterham et ak, 2992: Baiterham and 
Bloom, 2993). The secretion of begins within 13 mhunes and levels off 75 min- 










uies laicr. Injcctiijns of PWsijrnillcaiiily clccreast'cl \hv anxniiu of foo^l tliat Imiigry 
ra[s or hungry luunans would cat. (Yes, llie peptide w'as tested iti luuuans.) IWcause 
rVY iiUeraets vvitli peptide rceej^ttu’s in the Itypoihalatuus that are iuvolvetl with 
hunger and satiety, I will discuss the actions oftlus clieniical later in tliis ehaf>tei; in 
a section tlealing with brain inechanisins of iitgeslive beltavior. 

Liver Factors 

Satiety produced by gastric I'actors or duodenal lac tors is anticipatory; tliat is, these 
factors predict that the food in the digestive systetn wilK wfien absorbed, ('veniually 
restore the system variables that cause hunger FotKi in llie inoutli or stomach floes 
iu)i restore the htjcly’s store of iiitirienls* Not until nutrients are absorbed frotii tfie 
intestines are the internal system vai iables that cause bit tiger reiuruetl to normal 
The last stage of satiety appears to occur in the liver, wlucli is the first f)rgan to iearn 
that food is linally being recei\ed h\ the intestines. 

Kvideuee tlial nutrient detectors in the liver plav a role in satiety cfniics from sev¬ 
eral sources. For example, Tordoff and Friedman (19S8) inlused small amounts of 
two nutrients, glucose and fructose, into the hej)atic portal vein. The amounts they 
used were similar to those that are )>rofinced wlieii a meal is being digesiefl The in¬ 
fusions ‘'fooled” the liver; both iintrienis reditced die amount offtxjd that the rats 
ate. Fructose cannot cross the filood-fnain barrier and is metabiilt/ed very poorly by 
cells tn the rest of the bfidv* but it can readilv be metaboH/efl bv the liver. Tfierelbre, 

' I H 

ibe sigtial fix>in ibis nutrient must have originated in the liver. 1 hese results stifuiglv 
suggest that when the liver leecivcs null ienis from the intestines, it sends a signal to 
die brain that produces satiety. (More accurately, die signal foftfhutfs ihe satieiv that 
was already started by signals arising from the siomacli and intestines.) 

Satiety During the Absorptive Phase: 

Rote of Insutin 

Satiety begins with tlie eating of a meal wliicli is detected by factors in tfie stomacfi, 
intestines, and liver, Tfie liver absorfjs some nnirieiHs^—panicularlv glucose, wiiieh 
it Cfinverts into glycogen and stores in the short-term reservoir. But soon, the level 
of lumients in the filiod begins to rise. When this hapjiens, physiological changes 
ticcur, and tlic body enters the absorptive phase of metabolism. Perhaps some sig¬ 
nals that arise from these changes pi^>^'i<le a satiety signal to the brain. 

As yon will recall, die absorptive phase of nietaholism is accfinipanied by an in¬ 
creased level of insulin in the blood. Insulin permits organs other than the brain to 
metabolize glucose, and it promotes the entry of nutrients into fUt cells where the\' 
arc converted into irigiycerides. Yon will also recall that cells \n the brain do not 
need insulin to metabolize glucose. Xeverdieles.s, the brain contains insulin rece|J- 
tors (Unger el al, 1989). Wliat purpose do diese insulin t eeeptors server The answer 
is that they appear K) deieta insulin present in tile blood, wliicli tells the brain that 
the body is probably in die abstirptive [ihase of inctabolism. Thus, insulin mav serve 
as a satieiv signal (Woocls et al, 1979). 

Brihiinget al {2(KK)) prepared a nuilation in mice that prevented the synthesis 
of insidiii receptors in the brain widiout affecting their [iroduciion elsewhere in tire 
bofiy. The mice became obese, especially when iliey were fed a tasiv, liigli-fal diet, 
which would be expected if one ol’llie factors that promotes satictv was absent. 


Long-Term Satiety: Signals from Adipose Tissue 

So far, I have discussed satiety factors arising from a meal But as we saw in the first 
sectioti of this cliapter, total body fat afipears to be regulated over a long-term basis. 
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Figure 11.13 

Food intake and body weight of rats that received an excess of 
their normal food Intake through force feeding. Their food intake 
fell during the period of force feeding and recovered only when 
their body weight returned to normal. 



Adapted from Wilson, B E,, Meyer, G E., Cleveland, J C., and Wetgle, 
D S. American Journal of Physiology, 1990, 259, R1148-R1155 

Figure 11.14 

The effects of leptin on obesity in mke of the ob (obese) strain. 
The ob mouse on the left is untreated; the one on the right 
received daily injections of leptin. 



Photo courtesy of Dr. J. Sholtis, The Rockefeller University, Copyright © 
1995 Amgen, Inc. 


li an animal is forcc-fWi so that it becomes fatter than 
normal, it will reduce its food intake once it is permitted 
to choose how much to eat (Wilson el al., 199i}). (See 
Figure ]L13.) Thus, signals arising from the lt>ug-term 
nuirient reservoir mav either suppress hunger signals or 
angtuent short-term satiety signals. 

What exactly is the svslem variable that permits the 
hodv weight of iiujsL organisms to remain relatively sta¬ 
ble? The basic difference between obese and nonohese 
people is ihe amount of fai stored in their adipose tissue. 
Perhaps fat lissue pro\ ides a signal to die brain that in¬ 
dicates how mneh of it there is. 

'fhe di.scovery of such a signal came after years of 
study with a sii ain of geiieiically tibese mice. I'he ob 
mouse (as this strain is called) has a low metabolism, 
overeats, and gets exceedingly fat. It also develops dia¬ 
betes ill adult hood, just as many obese people do. Re- 
.searchers in several laboratories have diseovered ilie 
cause of the obesity (Clampileld ei ah, 199.5; ITalaas et 
ah, 1995; [’elleymonnter et al,> 1995), A panicnlar gene, 
called OB, normally produces a protein that lias been 
given die name Leptin (from the Cheek word /epto.s, 
‘ThiiP')- Leptin is normally secreted liy fat cells that con¬ 
tain a large amount of triglycerides. Because of a genetic 
mutation, the fat cells of ob mice are unable to produce 
leptin. 

l.eptin has [>rt>fbnnd effects on metabolism and eat¬ 
ing, acting as an aniiobesitv hormone. If Oh mice are 
given daily injections of leptin, their metabolic rate in¬ 
creases, tfieir body temperature rises, they become more 
active, and they eat less. A.s a restill, their weight returns 
to normal. Figure 11.14 shows a picture of an tmtreated 
ob mouse and an oh mouse tfiai has received injections 
of leptin. (See Figure I1J4.) 

Leptin affects the metabolism and food intake of 
normal animals. If leptin is given to rats each day, the an¬ 
imals eat smaller meals and lose weight (Eckel el ah, 
1998; Kithler et ah, 1998), The lepdn affected only meal 
size: the animals ate tlie same number of meals each day. 
These results suggest dial leptin sensitizes the brain to 
ilie satiety .signals it receives from the stomach, liver, and 
intestines, causing meals to stop earlier tlian they other¬ 
wise would. 


INTERIM SUMMARY 


What Stops a Meal? 

Because of the long delay between swallowing food and digesting it, the regulation of food 
intake requires a satiety mechanism; without it, we would overeat and damage our stom¬ 
achs. The stomach contains nutrient detectors that tell the brain how much food has been 
received. If some food is removed from the stomach, the animal eats enough to replace it, 
and if the experimenter tries to fool the animal by Injecting a saline solution into the stom¬ 
ach, food intake is not reduced. 
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Signals originating in the intestines may also produce satiety. Several investigators have 
suggested that cholecystokinin, released by the duodenum when it receives fat-rich food 
from the stomach, provides a short-term satiety signal. The duodenum also appears to con¬ 
tain nutrient detectors that send a satiety signal directly to the brain without the interme¬ 
diate of a hormone. PYY, a peptide secreted after a meal by the intestines, also appears to 
act as a satiety signaL 

Another satiety signal comes from the liver, which detects nutrients being received from 
the intestines. Infusion of glucose or fructose (which does not cross the blood-brain barrier) 
directly into the hepatic portal vein suppresses food intake of hungry animals. Insulin, which 
is present in high levels during the absorptive phase of metabolism, enters the brain and ac¬ 
tivates Insulin receptors there, providing another satiety signal. 

Signals arising from nutrient reservoirs affect food intake on a long-term basis. Studies 
of the ob mouse ted to the discovery of leptin, a peptide hormone secreted by well-nourished 
adipose tissue that increases an animal's metabolic rate and decreases food intake. Leptin de¬ 
creases meal size, apparently by increasing the brain's sensitivity to short-term satiety signals. 


ob mouse A strain of mice whose | 
obesity and low metabolic rate is 
caused by a mutation that pre¬ 
vents the production of leptm. 

leptin A hormone secreted by adi¬ 
pose tissue: decreases food intake 
and increases metabolic rate, pri¬ 
marily by inhibiting NPY-secreting 
neurons in the arcuate nucleus 

decerebration A surgical proce¬ 
dure that severs the brain stem, 
disconnecting the hindbrain from 
the forebrain. I 


THOUGHT QUESTION 

The drive-reduction hypothesis of motivation and reinforcement says that drives are aver¬ 
sive and satiety is pleasurable. Clearly, satisfying hunger is pleasurable, but what about 
sat/ety? Which do you prefer, eating a meal while you are hungry or feeling full afterward? 


i 


Brain Mechanisms 


Althoiigfi hunger and saiieLv signals originate in the digesiivc syslem and hi the 
body's lUitrieni reservoirs, the target of these signals is ihe hraiu. This section looks 
at some ol tlie research on hraiu mechanisms of food intake and nietabolistn. 


Brain Stem 

luges!ive beliaviors are phvlogcnetieally aucieni; obvi¬ 
ously, all ancestors ate and drank or died. TTerelore, 
we should expect that the basic ingestive beliaviors of 
cltewing and swallowing are prugnutinied by [hiylogenei- 
ically aiieieril brain circuits. Indeed, sindies have slit mm 
tliai these beliaviors can he performed by decerebrate 
rals, wliose brains were transected between ilie clien- 
eephalon and tire midbrain (Norgren and (hill, U)H2; 
(h ill and Kiiplan, 1990), Decerebration disconnects the 
motor neurons of the brain stem and spinal ctirtl from 
tlie neural circuits of the cerebial heinispiieres (such as 
tlie cerebral cortex and basal ganglia) that normallv ccni- 
trol them. The onlv behaviors that decerebrate animals 
can dispiav are those that are directlv controlled bv neural 
cil cnits located within the brain stem. {See Figure //J5.) 

Decerebrate rats cannot ajiproacb and eat food: I lie 
expt'iimenters must place iood, in liqtiid ft>rm, into their 
mtnnhs. Decerebrate rats can distinguish between differ¬ 
ent tastes; they drink and swallow sweet or slightly salty 
liquids and spit out iiitter ones. Thev even respond to 
luinger a*id satietv signals. Tliev drink more sucrose alter 
having lieen deprived of food f or 24 hours, and iliev drink 
less tif it if some sucrose is 111 si injected directly into llieir 


Figure 11.15 

Decerebration. The operation disconnects the forebrain from the 
hindbrain so that the muscles involved m ingestive behavior are 
controlled solely by hindbrain mechanisms. 


Decerebration is accomplished 
by transecting the brain stem. 



Control of muscles the hindbrain can controlled by motor 

involved in ingestive affect behaviors neurons caudal 

behavior controlled by motor to the transection. 


neurons caudal 
to the transection. 
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melanin-concent rating hor¬ 
mone (MCH) A peptrde neuro- 
transmitter found in a system of 
lateral hypothalamic neurons that 
stimulate appetite and reduce 
metabolic rate. 

orexin A peptide neurotransmit¬ 
ter found m a system of lateral hy¬ 
pothalamic neurons that stimulate 
appetite and reduce metabolic 
rate. i 

neuropeptide Y (NPYJ A peptide 
neurotransmitter found in a sys¬ 
tem of neurons of the arcuate nu¬ 
cleus that stimulate feeding, 
insulin secretion, and glucocorti¬ 
coid secretion, decrease the 
breakdown of tnglycendes, and 
decrease body temperature. 


stuinaciis. Tlicsc studies indicate tliat the lirain stem contains neural circtiiis iliai can 
control at least some aspc^cis of fotjd ituake. 


Hypothalamus 


l)i.sroveries ma<ie in tfie HHOsand 1950s focused tlieaiteniion of researchers inter¬ 
ested in in^estive behavior on two regions of the livpothalaniiis: the lateral area and 
tlie ventromedial area. For many years investigators l)elie\'ed lliat these two regions 
contrtjlled hunger and satiety, respecti\'ely: one was tlie aeceleratoi; and the otiier 
was the l:)rake. The )%)sic findings were tliese: /\f ler tlie lateral liypoLlialaitius was dc- 
siroyed, animals snapped eating t>r drinking (Aiiand and lin>l)et k, 1951; Teiielbaum 
and Sicllat; 1954), Flecii ical stimulation of die same region would produc e eating, 
drinking, nr botlt befiaviors, tamversely, lesions of the ventromedial hvpoihalamns 
produced overeating tliat led to gross obesiiv, whereas electrical stimulation sup¬ 
pressed eating (liellieringion and Raiison, 1942). (See Figure ILI6.} 


Role in Hunger 

Research in the latter halfOf the iweiuiedi ceniurv has shown that the lateral iiv- 
pothalanuis does indeed j^lay a role in eating. Nenrotoxic lesions of tlte lateral liy- 
poifialarnus made wiiii ihtitenic acid, which kills cells wliile sparing axons passing 


Figure 11.16 

Cross sections through the rat brain, showing the location of regions of the hypothalamus that play 
a role In the control of eating and metabolism. 
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Adapted from Swanson, L. W fira/n Maps: Structure of the Rat Brain, New York: Elsevier, 1992 
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iliroiigh \hc region, produce a lougdasiing decrease in 
iood iniake and body weiglii (Strickei; Swerdlof’b and Zig- 
inond, H)7S; niunieU. Lane, and VViiuu 1985), In addi- 
lion, stiinulaiion of lire laieral liypoilKilainus widi direct 
injections of excitatory amino acids produces eating 
(Stanley el aL, h)98a; Dnva el al.. 2901), and irijectioiis of 
a gliitainate anlagonisi in this region decrease food intake 
(Stanley et ak, 1996), (See F/gwre//.77d 

We now know that these itijeclions activate two pop¬ 
ulations orneun>ns locaietl in tlte lateral hypoi[)alainiis 
that stimulate hunger and decrease metabolic rate* thus 
])reser^iJtg the body's eiiergj' stoies* Tht' neurons se¬ 
crete two tliffeicnt peptide neurotransmitiers: mefanin- 
cozicentrating hormone (MCH) and orexiii. 

Mehmin-conceniraiing hormone received irs name 
from its role in regulating changes in skin [jigmeniation 
in fish anti other notimammalian vertelirates (Iviwauchi 
ei ak, I98*S)* In mammals it serves as a neurotransmi tier* 
Orexin (from the Greek woixl orrxi.s, ''apjjetiie'') was dis¬ 
covered by Sakiirai el al. (1998). This peptide is also 
known as hylxureti?} —particnlai Iv by researchers studving 
sleep. As we saw in (thapiei 8, degeneration oi' neurons 
that secrete livpocreiin is responsible lor narcolepsy. Of 
these iwo hypolhalamic peptides, MG 11 ap[>ears to plav 
the more important role. 

Injections (Teither \[(M or orexin into the lateral ven¬ 
tricles or various regions of the brain induce eating. If r ats 
are depriveci of food* messenger RNA levels for MC'H and 
orexin in the lateral livpolhalarnns increase (Qu et ak, 
199(n8akurai et ai., 1998; Dube, K;iha, and Kiilra, 1999), In 
addition, mice with a targeted mutation against the MCiH 
gene eat less than normal niice and are conseqneinlv un¬ 
der weiglii (Sliimada el ak, 1998). Rcsearcliers refer lo 
these peptides as ‘hppetiie-indncing chemicals*” 

The axons of MfTi and orexin neurons travel to a va¬ 
riety of lirain structures tltat ar'e known \o be involved in 
motivation and movement, including the neocoriex, [le- 
riaquednctal gray matter, reticular formation, thalamus, 
and Ujcus coerulens* These neurons also have connec¬ 
tions with neurons in ilie spinal cord that control the au- 
ii>nomie nervous system, winch ex])lains how tliey can 
affect the bodv's metabolic rate (Sawclienko* 1998; 
\ambn et ak, 1999), These connections are shown in Fig¬ 
ure 11 . IS. 

As we saw earlier, metabolic hunger signals caused by 
glncoprivaiion or Mpopriration arise from detectors in the 
liver and medulla* How do liiese signals activate the Mf'H 
and orexin neurons t>[ the lateral hvptnhalamns? Part of 
the patiiway involves a system of neurons that secrete a 
nenio transmit ter called neuropeptide Y (NPY), an ex¬ 
tremely potent stimnlaitjr of food iniake ((Uark et ak, 
1984), Infusion of'NPY into the hvpothahmuis produces 
ravenous, almt>si frantic eating. Rats who receive an infu¬ 
sion of this peptide w ill wi)i k verv hard, pressing a lever 
many times lor eacii morsel of food; tltev will eat Uhk{ 
made bitter with c|uiiiine; and they will coiiunne to drink 


Figure 11.17 

Body weight of rats that received twice-daily injections of a 
glutamate antagonist into the lateral hypothalamus. 



Days 


Adapted from Stanley. E G.. Willett. V L.. Donias. H. W . Dee. M. G.. and 
Duva. M A American Journai of Physiology: Pegufatory lnregfati\fe and 
Comparatfve Physiology 1996,270. R443-R449 


Figure 11.18 

Connections of the MCH neurons and orexin neurons of the 
lateral hypothalamus. 



metabolic rate 
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arcuate nucleus A nucleus in the 

base of the hypothalamus that 
controls secretions of the anterior 
pituitary gland; contains NPY* 
secreting neurons involved in feed¬ 
ing and control of metabolism. 

paraventricular nucleus (PVN} 

A nucleus of the hypothalamus lo¬ 
cated adjacent to the dorsal third 
ventricle; contains neurons in¬ 
volved in control of the autonomic 
nervous system and the posterior 
pituitary gland 

agouti-related protein (AGRP) 

A neuropeptide that acts as an 
antagonist at MC-4 receptors and 
increases eating. 

ghrelin {greti in) A peptide hor¬ 
mone released by the stomach 
that increases eating: also pro¬ 
duced by neurons in the brain. 


milk even whtMi clcniij^ so iiicaus tlitii thcv eiccuic slit>ck Ki ilitnr 

(Flood and Mot ley, 1991: Jewett et al.. 1992). 

hiiusions <jf NPValso pitKluce metabolic elTecis, including insulin arid gluctt- 
coriicoid seei etion, decreased bi eakdown <jr triglycerides in adipose tissue, and a de¬ 
crease in IxKly letnperature (Walilestedt ei ak, )9H7; Abe, Saito, and Sliiiiia/u, 19H9: 
(airrie and ('osciua, 199b), These effecis com[>lemenL the increased appetite by pre¬ 
serving tlte body's energ\‘ supplies* 

l.eveis of neuropeptide Y are affected by liuuger and saiieiv signals; Saliiu 
Kaira, and Kali a (1988) found iliat hypoifnilaniic levels of NPY are increased 
by food deprivation and lowered bv eating. In additit>n, Myers el aL (1995) found 
tliat hypothalamic injections of a drug that blt>cks neuropeptide Y ivcepiors 
suppress eating caused by (bod deprivaiion, This last Ihidlng, in [>articiilar, provides 
strong evideiiee that normal Ibrnl ijuake is at least partially siiiiinlaLed by 
neuropeptide 'S' 

The neurons that secrete NT’S'are ffjund in the arcuate nucleus, locaietl in the 
hypf)lhalamus at the base of the third ventricle. The arcuate nucleus also contains 
neurosecretory cells whose hoimones control ihe secretions f>j the antenor pitii- 
iiaiy gland. (Refer to Figure //./6.) The NPY neurons send a dense projection of ax¬ 
ons U> the paraventricular nucleus (PVN)—a region of the hypothalamus where 
infusions of'NPYafl’ect meiabt^Iic (\inciions (Ikii et ak, 1985)* Tliey also send a pro¬ 
jection directly to MCM and orexin neurons in the lateral hypothalamus (Broberger 
el ak, 1998; FMas et ak* 199Sa), which appears lo be responsible for the feeding 
elicited by activation of NPY neurons. 

Tile terminals of NPYneunins release another orexigenic jX'ptide in addition 
to [Rninipeptide Y: agouti-related peptide, otherwise known as AGRP (Hahn et al., 
1998). A(iRP IS a potent and extremeIv long-lasting orexigen* Infusion t>! a \ ery small 
amount ol tins peptide into the third veniride of'rais pj’i>duced an Increase in food 
intake that lasted ihv six days (Ln et ak, 2001). 

Recently, researrhers discovered tliat the gastrointestinal svsicm (especially the 
st^jinach) releases a peptide hormone called ghrelin (Rojima et ak, 1999). The name 
g/nr/iti is a cemtraction <if G/7 releftsin, which refTects the fan that this pe[>tide is in¬ 
volved in controlling the l elease of giowili hormone, usually abhre\'iated as G//. Ak 
though llie physiological signal that triggers ghrelin release by the stomach is not yet 
known, researchers liave discovered that blood levels of this f>epiide increase with 
lasting and are reduced alter a meal, (aimmings el ak (2001) discovered that in hu¬ 
mans blood levels of ghrelin increase shortly before each meal, a finding that sug¬ 
gests that this pt^piide may he involved in the initiation of a meal* In addition, 
subcutaneous injections or infusions of ghrelin into tlie cerebral ventricles cause 
weight gain by increasing food intake and decreasing the metabolism oi‘ fats 
( I'schbp, Smiley, anti Heiman, 2000; Naka/aio et ak, 20t)l). (ihrelin appears to ex¬ 
ert its effects on ap[KMite and metabolism by stimulating receptors located on neu¬ 
rons that release NPY and AGRP (Willesen, Riisiensen, and Romer, 1999; Naka/aio 
ei ak, 2001). 

In summary, activity of MCI 1 anrl orexin neurons of the lateral hypothalamus in¬ 
creases food intake and decreases metabolic late. Pliese neurons are activated by 
NPV-secreting neurons ofdhe arcuate nticleiis. The NPYuenrons also project to the 
paraventricular nucleus, which plays a nile in control of insulin secretion and me¬ 
tabolism. One t>f the signals that activates NPY/ACrRP neuioiis is ghrelin, an orexi- 
genic peptide released by the stomach* (See Figt4re 1IJ9.) 


Role in Satiety 

As wx' saw, leptin, a hormone secreted bv well-fed adipose tissue, supj^resses eat¬ 
ing and raises the animaks metabolic rate. The interaciitms of this long-term saiiciv 




Brain Mechanisms 


nucleus 


Arcuate nucleus 


NPY/AGRP 


signal vvilli neural circuits invtvlvrcl in luni^XTare now hc- 
in^ cliscovcrcrl* Leptin produces its beliavloral and meta¬ 
bolic effeels by Ijindin^ willi recephii s in ilie brain—in 
jjariiculan on neurons that secreie die orexi^enic pep¬ 
tides NPVand ACiRP (Ilakansson et al., 1996; Mercer et 
ab. 1996). 

(daum et al. (1996) found that activation of le pi in re¬ 
ceptors on NPV-secreting netirons in the arcuate nucleus 
has an Inhibitory efleci on these neurons. As a conse- 
(jiience, leptin reduces tlie amount of the NPVand ACiRP 
released in the hypoihafamus (Wanget af» 1997; IJ et ah, 

2009). Thus, leptin inlhbits the release of the orexigens 
produced in the hjpoihalanius. 

The arcuate nucleus contains two other svstems ol' 
peptide-secreting neurons, both of which serve as atiotrx- 
fgetis "appetite-suppressing chemicals." Douglass, McRin- 
/ie, and C^oucevro (1995) discovered a peptide that is now 
called CART (for axnhff*- ami (ram 

.vm/;/). When cocaine or am]>hetamine is administered to 
an animal, levels of this peptide increase, which miglit 
liave something to do with die fact that these drugs su[> 
press appetite. (’.ART neurons ajDpear to plav an impor¬ 
tant role in satiety. If animals are deprived of food, levels 
of ('ART decrease. ( ART is almost lotaliv absent in oh 

I* 

mice, which lack leptin, but injections of leptin in their 
cerebral ^'entricles will stimulate the produciion of (ART. 

Injections of‘(ART into their cerebral ventricle.s inhibit 
feeding, including the feeding stimulated by NPV. Finally, 
infusion of a (ART antibody increases feeding (Kjis- 
tensen el af, 1998), 

(ART neuiuns are located in the arcuate nucleus 
and send tlieir axons to a variety of Icications, inclndittg 
several other 1 typo thalamic nuclei, die periaqueductal 
gray matter, and regions of tlic spinal cord that control 
the ann)nomic nervous svsieni (Kovln et ah, 1998). In the ' 
context of the present topic the most important connec- 

tionsare probably those with the paraventricular nucleus and ihijse with tfie M("H 
and orexin neurons uf‘ the lateral hypotfialamus. Activity ol (ART neurons in¬ 
creases metabolic rate ihrougli its ctmnections witli tlte paraventricular nnclcns, 
and it appears t(> inhibit NK^H and orexin neun>ns, tints suppressing eating. (ART 
neurons con lain leptin receptors that have an eff ect; thus, (ART-secreting 

neurons appear to be responsible for at least pan of the satiating effect tif le[^tin 
(FJias et al., 1998b), 

A second anorexigen, cx-melanocyte-stimulating hormone (a-MSH), is also 
released by (ARl' neurons. Fins pep title is an agonist ol the meIaiiocortiii-4 
receptor (MC4-R); it binds with the receptor and itihil)its feeding. You will recall 
that NPY neurons also release A(d<P, which stimulates eating. Both a-MSH and 
AGRP bind with the MG4-R. However* whereas a-MSH binds with tlie MG4 re¬ 
ceptor and inhil>its eating, AGRP binds with the recejDior and rauses I’eeding (as 
we saw' in the pre^'ious subsection), ( ART/a-MSH neurons are activated by leptin 
and NPY/A(iRP neurons are inhibiterl by leptin. (See Klmquisi, fdias, an<i Saper, 
1999, for s|)ecinc references.) .So leptin stimulates die prociuciion olThe aiiorexi- 
gens CART aiul a-MSH and itdiibits the production of the orexigens NPVand 

A(;rp. 


Figure 11.19 

Connections of the NPY neurons of the arcuate nucleus. 
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mine-regulated transcript; a pep¬ 
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Figure 11.20 


Connectfons of CART neurons of the arcuate nucfeus and effects 
of leptin on hypothafannk neurons involved In control of hunger, 
satiety, and metabolic rate. 
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Earlier in tliis chapter, I nit-ntinned an aiicn exij^cnir 
peptide. VW wliicli is produced by cells in the ^asti cnn* 
testinal tract in aniouiiLs proportional to the calories tiuti 
were jtisi invested, P\Y binds witli tlie Y2 receptor, an in¬ 
hibitory aLitorecc[jtor found on NPY netirons in the ar¬ 
cuate nuclens of the hypothalainns. When PWliinds with 
the Vi receptor, it suppresses tlte release rjfllte orexi^ens 
NPVand AtiRIl As we saw earlier, a single in jection oi’ P\Y 
sujjpresses eating lor up to \ 2 hutirs in both hutnans and 
rats (Batter!tain et al., 2002). In addition, niice with a tar¬ 
geted niutaiion against the Vi receptor da not respond to 
injections of PYY. This evidence strongly suggests that PYY^ 
is a shoil-terni (or perhajxs niedinm-tertn) satiety signal. 
I am sure that several laboratories, including those 
su[5poried by drttg companies, are actively studying this 
peptide. 

In suminary, le[}tin a[>pears to exert at least some of‘ 
its satiating ell'ects by stimulating receptors oti neurons in 
the arcuate nucleus, Leptin infnbits NPV/ACiRP neurons, 
which suppresses the feeding that these peptides stinnt- 
iate and prevents the decrease in metabolic rate, l.epiin 
activates LART/a-MSH neurons, wliich ittliibit MLH and 
orexin nein ons in tlie lateral iivpothalamus and prevent 
their stirnulalory effect oti appetite, PYY', released bv the 
gastroiiuesiinal tract Just al’teia meal, inhibits NPY/ACiRP 
netirons. (See Fi^tre 11.20.) 

An oil ter tieurotransmitua' appears lo play a role itt 
satiety, [nfusions of serotonin (,YHr) into various [>ans oj’ 
the braitt, including the PVN and vcnironiedial hypo¬ 
thalamus, suppress eatitig (Leihowiiz, Weiss, and Suit, 
1990), In addition, admitnstration of sercnoni!) agonists 
suppress eating (Blundell and llalfoid, 1998), In fact, 
sueb dritgs have been used to treat people witli obesity. In 
contrast, drugs tltat destroy serotonergic nett rolls, inhibit 
the synthesis oi ,Y-I IT, or block 5^1 IT receptors have an ef- 
lect opptjsite iliat of :>I IT: They ///nmvc food itUakc, es¬ 
pecially carbohydrates (IVreisch, Zeiiilan, and Ilocbel, 
1976; Sailer and Strieker, 1976; Stallone and Nicolaidis, 
1989), Dryden et al. (1995) found iliat an IP injection of 
methysergide, a 5-HT atUagonist, increased the secretion 
ofNPYin the hypothalamus and (as you might expect) In¬ 
creased food intake. This finditig suggests that serotoner¬ 
gic neurons somehow inhihii the activity of NPY neurons. Iti addition, mice with a 
targeted imitation against the ,5-H 1’,,^. receptor cat more food and develop obesity 
in middle age (Nunogaki ei al., 1998L 

The neural circuits that are responsible for tlie suppressive ef fect of 5-1 IT on 
feeding are not yet undersitiod. ,\lthough, as we saw, iniusions of serotonin or sero¬ 
tonin agonists into tfie P\"X suppress eating, Fleiclier ei ah (199'^) idimri iliai IP in- 
jeciiunsuf [cmfluramiiit%a potent serotonin agonist, still decreased food intake after 
ihe P\'N had been destroyed. Brain .stem circuits may be invxilvcd in these effects; Li 
and Rowland (1995) i’onnd tliat injections of fenfluramine incieasccl Fos production 
in neurons in the AP/NST and parabraclual nucleus, and Li, Specter, and Rowland 
(1994) found ihai ihe ap[>eiite-suppressing effect of the drug was reducetl after de¬ 
struction of The lateral parabraclnal nncletts, wlticli connects the ,AIVX8T vvitli tlie 
hypothalamus. 
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INTERIM SUMMARY 


Brain Mechanisms 

The brain stem contains neural circuits that are able to control acceptance or rejection of 
sweet or bitter foods and can even be modulated by satiation or physiologicaf hunger 
signals, such as a decrease in glucose metabolism or the presence of food in the digestive 
system. 

Stimulation of the lateral hypothalamus with electricity or excitatory amino acids pro¬ 
duces eating, while lesions or infusion of glutamate antagonists decreases eating. The lat¬ 
eral hypothalamus contains two sets of neurons whose activity increases eating and 
decreases metabolic rate. These neurons secrete the peptides orexin and MCH (melanin- 
concentrating hormone). Food deprivation increases the level of these peptides, and mice 
with a targeted mutation against MCH undereat. The axons of these neurons project to re¬ 
gions of the brain involved in motivation, movement, and metabolism. 

The release of neuropeptide Y in the lateral hypothalamus induces ravenous eating, an 
effect that appears to be produced by the connection of NPY-secreting neurons with the 
orexin and MCH neurons. When NPY is infused in the paraventricular nucleus, it decreases 
metabolic rate. Levels of NPY increase when an animal is deprived of food and fall again 
when the animal eats. A drug that blocks NPY receptors suppresses eating. NPY neurons 
also release a peptide called AGRP. This peptide serves as an antagonist at IVIC4 receptors and 
stimulates eating. 

Leptin. the long-term satiety hormone secreted by well-stocked adipose tissue, desen¬ 
sitizes the brain to hunger signals. It binds with receptors in the arcuate nucleus of the hy¬ 
pothalamus, where it inhibits NPY/AGRP-secreting neurons, increasing metabolic rate and 
suppressing eating. The arcuate nucleus also contains neurons that secrete CART {cocaine- 
and amphetamine-regulated transcript), a peptide that suppresses eating. These neurons, 
which are activated by feptin, have inhibitory connections with MCH and orexin neurons in 
the lateral hypothalamus. CART neurons also secrete a peptide called ot-MSH, which serves 
as an agonist at MC4 receptors and inhibits eating. 

A monoaminergic transmitter substance, 5-HT, has an inhibitory effect on eating in the 
PVN. Serotonin agonists have been used to treat obesity in humans. The site of action of such 
drugs may be in the brain stem as well as in the hypothalamus. 


i 


Eating Disorders 


Unfortunately* .some peo|>le arc susceplihlc to the development of eating disorders. 
Some people ^row obese, even though onr society regards tliis condiLi<)n as unat¬ 
tractive and even though ohese people generally have more health problems than 
people of normal weight and tend to die sooner. Oilier people (especiallv young 
women) can become obsessetl with losing weight, eating Utile and increasing their 
activity level until their borfy weight becomes extremelv low—^sometimes fatally stv 
Others manage to kee)j from losing or gaining weigln hni often lose conin^l of in¬ 
take* ealing eiioi nions amoniits ofhjod and then taking sirong laxatives or forcing 
themselves to vomit. Has what we have learned about the physiologx' of appetite 
helped us to nnderstand these conditions? 


Obesity 

Obesity Is a widespread problem dial can have serious medical consecjnences. In 
die United States appjdximalely bB percent (U nien and 55 percent of vvomen are 
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tnerwcij^hi, clL'llned iis a hotly iiiaf^s intk^x (BMI) ort>ver 25. Thv iiiculciiic oi'obc- 
sil\; (icfmccl as a BMI tifaver lias ititrcasccl bv .50 perctnu in ibe pasl 20 years anti 
stood at approxiiTiaiely 18 j^t'ixeni in 1998. In adtliiion, ilie number of overweif^lii 
eliildren lias doubled (Must eial., 1999; Vanovski and Vanovski. 1999; Hirseli/2002). 
Tlie known health hazards ol obesity inelnde cardiovascular disease, tliabeies, 
strokes, ardiritis* and some forms o(‘cancer. 

Obesity untltiubtedly has many causes. Inelutliog learning and innate or ac¬ 
quired tlilferences in metaboiisnu The behavior ofeaiing. like most other behaviors, 
is subject to mtjdifk ation through learning. Lhifortunately, mauv aspects t)f modern, 
industrialized societies tend to weaken plivsiological controls over eating. Foi’ ex¬ 
ample. as children we learn to eat what is put on oin‘ [>iates: indeed, many children 
are praised for eating all they have been given and [>unished for failing io do so. As 
Birch et al. (1987) showed, the ef fect ol’ihis kind of training can lie to make children 
less sensitive to the nutrient content of their diet. As ive get older, onr metabolic re¬ 
quirements decrease; and if we continue to eat as we did when we were younger, we 
tend to accumulate fat. The infiibitoi y signals associated with food consumption ai e 
certainly not absiilute; they can be overridden by habit tir l>y the simple pleasure of 
ingesting good-tasting food. 

As we will see. genetic differences—-and iheir effects on development of the 
brain and organs involved in metabolism—appear to be responsible for the over- 
whelming pifiportion of people with extreme obesity. But as we saw. the problem oj' 
obesity has been growing o\er recent years, (^.learly. changes in the gene poiil can¬ 
not account for ibis Increase; Instead, we must look to environmental causes that 
have produced changes in j)eople's heliavior. 

Body weight i.s the result of the dif ference between two factors: caloi ies con¬ 
sumed and etierg)^ expemled, li’we consume more calories than we expend as heat 
and work, we gain weight. If we expend more than we consume, we lose weight. In 
modern industrialized st>cieties inex[>ensive. conveiiieni, good-tasting, high-fat food 
is leatlily available, which promotes an iiK’tease in intake. Fast-food re.staurauts are 
close al hand, parking is convenient (or even umiecessary at restat trail is with drive- 
up windows), and the size of die pt)rtious they .serve has increaserl in receni vears. 
People have begun to eat out more often, and most ohen thev do .so at inexpensive 
fasi-fbod resiauran t s. 

C^f course, fast-lbod restaurants are tu>t the onlv enviixjmnental factor responsi¬ 
ble for ihe increased incidence of obesitv. Snack Ibods are available in convenierice 
stf>res and vemling machines, and even schtiol cafeterias make IngluLaknic. higli-fat 
foods and sweetened beverages available to tlieir young students. In fact, scliool 
administrators often welcome the installation of vending machines because of the 
income they provide. In addition, changes in the workplace affect people's ex]>en- 
diture of energ\^ Tlie proporiion of people employed in jobs that require a high level 
of physical activity has decreased cousideiafilv. whicli means that on the average we 
need less lood than we did previtmsly. 

One reason that many people have so much diificnltv losing weight is that meta¬ 
bolic factors appear to plav an important role in tjhesiiy. In lact. most cases of ex¬ 
treme obesity are caused not by mfitig ffistmlns (des[)ite the title of this section) but 
ratiler b^ itift/ihoHr d/stmim. 

Just as cars differ in their fuel efficiency. s(> do living organisms, and hereditary 
factors can affect the level of ef ficiency. For example, farmers have bred cattle, pigs, 
and chickens IVjr theii' efficiency in conveiting feed into luuscie tissue, and re¬ 
searchers liave done the same with rats (Pomp and Nielsen. 1999). People differ in 
this form of efficiency totr fhose with an efficient metabolism have calories left over 
to deposit in the loiig-lerm nutrient reservoir; thus, they Inue dif ficulty keeping this 
reservoii‘ from growing. Researchers have referred to this condition as a '*thriftv 
plieiiotvpe." In contrast, jjeople with an inefficieni metabolism (a ''spendthrift 


plK‘tH>typc”) can cal lar^e incals wiilioui gening lai, A iUel-t'IHcicnt aiiunnobilc h 
desirable, bin a fiiel-eiricicjii bodv runs ibe I’isk of becoming obese—al least in an 
environmeni where food is cheap and pleniliul. 

DiflVrences in body weigin (fx-rbaps reHeciing physiological diilerenees in 
metabolism or appetite) appear to have a hereditary leasts. Twin studies suggest 
that between -10 percen t and S5 jxuTeiu of the variability in bodv fat is due to genetic 
differeiiees (l^rice and (iottesinan, 1991; Allison et ah, 1990; (amuiz/.ie and Allison, 
1998)* And the (amily cnvironnient in which jjeople are raised a[>parentlv has 
no signincant effect on their bodv weight as adnlts; Stnnkard et ak (I98b) found 
that the body weight oi‘ a sample of people wlio had been adopted as infants 
was highly correlated with ilieir htohgiatf paretMs but not with ilieir adoptivf 
parents. Sorensen et ah (1989) came to similar eonchisions in a study com¬ 
paring adopted people with their I nil and half siblings with whom they had not 
been raised. 

W'hy aie there genetic differences in meiabolir eniciency? Ravussin et ak 
(199 4) studied two groups of Pima Indians, who live in the southwestern Lhnted 
States and noi ibwestcrn Mexico, Members of" the two grou])s ap]:jear to have the 
same genetic background; they speak the same language and have common his¬ 
torical traditions. The two groups separated 799-100(1 years ago and now live under 
very different environmental conditions. The Pima Indians in liie southwestern 
United States eat a high-fat American-stvle diet and weigh an average of 90 kg 
(198 lb), men and women combined. In contrast, t he lifestvle of the Mexican Pitnas 
is probably similar to diat oi their ancestors. They spend long hours working at sub¬ 
sistence farming and eat a low-fat diet—and weigh an average of (H kg (141 lb). The 
eholesterfil level of the American Pimas is muc h higher than that of’ the Mexican 
Pimas, and the American Pimas' rate of diabetes is more than live times higlier. 
These findings show that genes ihat promote an efTicient metabolism ai e of bene¬ 
fit to people wlio must work hard idr theii‘ calories but that these same genes turn 
into a liability witen people live in an environmeni where the physical demands are 
low and higfi-calurie food is clieap and pleniifnk Cienetic dil ferences in jjeopie’s 
metabolic rales may reflect the nature of the environment experienced bv their 
ancestors. 

As we saw earliei; study of" the oh mouse led lo tl)e discovery of leptiii, the 
liormone secreted by wefknourisited adipose tissue. The explanation of obesity 
in the oh mouse vvas simple: "Hie animals could not produce leptin, Fcdhm ing this 
disccnery, researchers liave been iryiiig to determitie whether understatiding 
tile role f>f leptin can help us mideisiand at least some oi"the causes of (obesity in 
humans, 

S<i fai; researchers have found several cases of familial obesilv caused bv the al>- 
sence of leptin produced by the mutation of" the gene responsible i’or its production 
(Montague ct ak, 1997; Strohel et akj 1998; C)/ata, Ozdemii; and Uicinlo, 1999), and 
more will undoubtedly he discovei ed, Faroocji et ak (2001) ("onncl three imrelaied 
families with mutations that caused slightly lower levels of leptin to be produced. 
These mniations, too, caused ohesitv. [ lowever, such mutations are rare, so tliev do 

ri d 

not explain die vast majority of cases of obc^sity, Schwartz el al, (1999) found tliat 
plasma levels of leptin were related to total bodv fat in both lean and obese jseople. 
Therefore, most investigators believe that if leptin plavs a role in human ohesitv, the 
likely mechanism is reduced sms/thfilx to the hormone ami not decreased ,secretion. 

How could people dif fer in sensiti\ tty to leptin? One possible mechanism could 
be a inniation of the gene responsible for prodnctic^ii of the lejnin receptor. In fact, 
three strains ofObese rodents—the rlh tnoiise, the rorpnh^tit rah ami the /AHherrat —all 
have muiations of the leptin receptor gene (Ciura, 1997), But familial obesity in hu¬ 
mans causetl bva defecuve leptin receptor gene appears to be a ver y rare event (Ele¬ 
ment et ak, 1998), 
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Figure 11.21 


Percent change in plasma leptin concentration in response to 
high-fat or low^fat meaJs of equal caloric value. 



Adapted froiri Havel, P J., Townsend, R„ Chaump. L., and Teff, K. 
Diabem 1999,45, 334-341. 


uncoupling protein (UCP) A 

mitochondrial protein that facili¬ 
tates the conversion of nutrients 
into heat 


Lcptiii is a pc^piifle, aiul peptidc^s iionnallv cannrn 
ciT>ss ilic bl(>(>d“braiti barrier. Howt'vci; an active int'cha- 
nisin transports inolecnles of Icpliit across tliis Ixin icr so 
tliat it can exert its f>t‘liavioi al and iiiclal:)olic ericcis 
(Banks et al,. I99(>i Cioldcir, MacCiagnau, and i^ardridp[c. 
1997). Claru et al. (1996) suggested that differences in tlte 
efTeciiveiiess of this irauspon system mav be one cause of 
obesity. If not much leptin gets across the blood-lirain 
barrieiv the lej^iln signal in tlic brain will be weaker than 
it should be. C^aroand his colleagues found that altliougli 
the level of leptin in die blood was 318 percent Idgher 
ill obese people, it was oidy 30 percent higher in the 
ccrehrospiual fluid (wliich is presumably related to 
tlie coiicetnraiion of the liormone in tite fiiain). Thus, 
differences in sensitivity to leptin could be caused by 
dilTcreiices in the iranspori olTepiiii molecules into the 
brain. 

Mvidet^ce suggests that seiisidvitv to leptin can be af¬ 
fected bv environmental factors. As vou undoubledlv 

■’ I* 4* 

know, a high-fat diet encourages weight gain, fhis effect 
is pardy caused bv the fact thai a gnuu of fat con tains 
approximately nitie calories, whereas a gram of carbo¬ 
hydrate or protein contain approximate!v live calories. 
But there appear to be other reasons as well. In a stitdv 
witli liumaus, Havel et al. (1999) found that high-fat meals produce less ol an in¬ 
crease in plasma leptin levels than do low-fat meals equated for caloric content. 
This finding suggests that a higbdat diet decreases the strength ofhhe pnmar\ long- 
Lerui satiety factor. {See Figttre 1L2L) 

As you have undoubtedly noticed, matiy ]3eople gain weiglil as tlicv grow o 
Icier. There are undoubtedly several caitses [or this leudency, including a de¬ 
crease in levels of piiysical activity. Hut some evidence suggests that there can be 
age-related changes in sensitivity to leptin. Scarpaee, Matheny, and Turner (9001) 
found that hypothalamic neurons in aged obese rats sliowcd a smaller response 
to leptin tlian did those in rats of‘ noianal weight. Thev also observed a 59 per¬ 
cent icdvictioii in the luimher o[ leptin receptors, which mav account for this 
difference. 

7'he final physic )logica I factor that ! will men linn in this seel ton is a chemical 
known as uncoupling protein (UCP), This [jrotein is found in miLoclumdria atrd may 
be one of the fackn s tliat detertniue the rate at w hich an animal burns off its calo- 
ries. In other w'ords, it may he a factor in metabolic efficiency. Uncoupling proieui 
affects the mcni[>ranes of niitochondria, so instead fd'producing molecules of AFP 
that can be used as a stmree of energy' in the cell, the encrg\' derived from meialio- 
li/ing fuels is Avasted" as heat (Nicholls and Wenner, 1972). 

Using methods ol' molecular genetics, C7apham et al. {2990) jii epared a sti aiii 
of mice that j^roduced an abnoi inally high level tjf UCl’3 {a particular form olTiii- 
coupling protein) in their skeletal muscles. 7 liese animals ale more than normal 
mice but were lean and had a much lower level of fiody fat. In addition, Schrauwen 
et al. (1999) found that levels of UCP3 in I’ima Indians were negatively correlated 
with hotly mass index and positively correlated with metabolic rate. In other woi'ds, 
Pima Indians with low' levels ol L1CP3 became obese, wiiereas those with high levels 
of UCP3 had ApendthrifV' phenotypes that lielped to protcci them from develo[> 
ing obesity. Vou will not be surpiTsed to leai ii that pharmaceuucal companies are 
studying die role the L'CP3 pla)s in the hopes of finding a way to decrease the tin ifii- 
ness of people who find it liard not to gain weight. 
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Anorexia Nervosa/Bulimia Nervosa 


Figure 11.22 


Most people, if they fuive au eaiin^ ])rol)leiii, lend to 
overeaL However, some people, especially adolescent 
women, have the t>pposiie pi'ohlem: 1 hey eat Loo litile, 
even to the pcant of starvation. This discMder is called 
anorexia nervosa. Another eating disorder, buLitnia ner^ 
vosa, is rharaciei i/ed by a loss of control of food intake. 
(‘Die term hitlimta comes from the Cheek kms, "ox,” and 
Hwos, "hunger,”) Peoj^le witli bulimia nervosa peri(>dically 
gorge themselves with food, especially dessert or stiack food 
and especially in the afternoon or evening. I’hese bitiges 
are usual I v followed bv self-induced vomiting or the use of 
laxatives, along with feelings of depression and guilt (Maw- 
son, 1974; Halmi, 1978), With this combination of bingijig 
and purging, the net nutrient intake (and consequently, 
the l>odv weight) of bulimics can vary; Weh/in ei al, 
(1991) reported that 19 percent of bulimics undereai, 
37 percent eat a normal anujutu, and 44 [Huceiit twereat. 
Episodes of l>ulimia are seen in some jjatienis with anorexia 
nervf>sa. Bulimia nervosa is more common than anorexia 
nervosa, and its incidence seems to he increasing (Walsh 
and Devlin, 1998). 


Effects of the sight and smell of a warm cinnamon roll on 
insulin secretion in anorexic women and thin, nonanorexic 
women. 



line 

Time (min) 


Adapted from Broberg, D J., and Bernstein, I. L. Phy^iotogy and 
B&havioK 1989, 45, 871-874 


T he literal meaning of the word finoirxui suggests a loss of appetite, but people 
with this disorder are usually interested in—eweu preoccupied with—food. They may 
enjoy preparing meals for oiliers to consume, collect recipes, and even hoard food 
that they do noi eai. Brobergand Benisieiti (1989) presented anorexic atitl lean (hut 
noiiaiKaexic) voimg women with a warm, appeti/iiig cinnamon roll. They cut the roll 
and s;ud that the women could eat it il they wanted. For the next H) ininnies the ex- 
jierimenters wiibflrew hUxKl samples and analyzed ilie insulin conteni. Tliey found 
that botli groups of subjects showed an increase in insulin level; snrprisiiiglv, the in¬ 
crease was even higher in the anorexic suhject.s. Thus, we cannot conclude that 
anorexics are simply unrespon.sive lo lood, (See figure //.22,) Incidentally, as yon 
niiglit expect, the normal subjects ate the roll, but the anorexics did not, saying that 
they were not hungry. 

Ahhough anorexics might not be oblivions to the effects of IVhkI, tliev express 
an intense fear of hectnning obese, which conn ones even if they become danger¬ 
ously tliin. Many exercise by cyclitig, rnnniiig, or alnurst c<nisiam walking and pac¬ 
ing, Si tidies with animals suggest tliat the iiRi eased activity may be a resnh of the 
lasting. When rats are deprived of hnid, they will spend more and more time run¬ 
ning in a wheel if one is available, even though d<ang so means that the animals will 
lose weight f aster (Rouuenbeig, 1968). Some investigators believe thai I fie exercise 
stimulates the hreakdtnvii ofdipids into fatty acids and glycerol and thus actually 
reduces feelings of hunger. Wilckens, Schweiger, and Pirke (1992) found that 
de[>rivaiion4ndnced wheel runnittg can he inliibiied l>y drugs that stimulate .^-HTij, 
receptors. 

The fact that anorexia nervosa is seen primarily in young women lias prompted 
h{>iii l>iologicaI and social explanations. Most psychologists favor die latter, con¬ 
cluding ilral the emphasis our society places on slimness—especially in women—is 
responsible fbi' this disorder, 1 lowcwer, the succes.s rate oI therapy is not es]jeciallv 
encouraging; Rainasiiriya et al. (1991) reported iliat twenty years later, only 29 
percent of a group of patients treated for anorexia nervosa showed a good reco\- 
ery. Almost J5 percent of the patients had died of snieide or complications of the 
disease. Many anorexics suffer from osteoporosis, and hone ffacinres are common. 


anorexia nervosa A disorder 
that most frequently afflicts young 
women; exaggerateef concern 
with overweight that leads to 
excessive dieting and often com¬ 
pulsive exercising; can lead to 
starvation. 

bulimia nervosa Bouts of exces¬ 
sive hunger and eating^ often fol¬ 
lowed by forced vomiting or 
purging with laxatives; sometimes 
seen in people with anorexia 
nervosa. 
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Anorexia nervosa most often occurs in young women. An 
especialiy high incidence of this eating disorder is seen tn 
ballet dancers* who must be both athletic and thin. 


When llic weigln loss iK^tonies severe eiuniglu llie anorexics 
tease ineiisn uating. Some flisinrl>ing repoi ts (Anniaim etal., 
1985; I lerliol/., 1996; Kingston c-i 1996) imlicate that CT 
scans revealed enlarged vent rides and widened sulci, vvliidi in¬ 
dicates shrinkage of brain lissiie* The widened sulci, hut no* 
the enlarged ventricles, appaieiiilv letiirn to nortiial alter 
leeovei y. 

There is good e\ idenee, primarily from twin studies, that 
hereditary lataors ])lay an important role in the development of 
anoiexia (Russell and rreasine, 1989; Walters and Kendler, 
1995; Kortegaard el al., 2001). The existence ol’hereditary fac¬ 
tors suggests that abiujrmaliiies in physiological mechanisms 
may be iiivolvetl. As you iiiiglu suspect, jnany investigators have 
suggested that anorexia and bulimia may be causefl by bio- 
chemical or structural abnormalities in the l)rain mechauisins 
that control metabolism or eating. In a review of the literature 
Fava el al. (1989) reported that studies iiave found evidence for 
changes in NK, 5-HT, and tjpioids in people with anorexia ner¬ 
vosa and changes in XK and 5-HT in people with bulimia ner- 
vt:>sa. Many studies have reported changes in endocrine levels of 
am>rexie patients, but these changes are probably effects of the 
disorder, not causes. In most eases when a patient recovers, ilie 
endcKi’ine system returns to normal. 

Some inve.stigaiois have suggested dial neuropeptide Y 
mav play a role in anoi exia (Kaveet al., 1990; Kitye, 1996), Kiive 
and his ctilleagiies IVmnd elevated levels of NPVin the cere¬ 
brospinal fluid of .severely underweight anorexics. However, 
once tlie patients regained their normal weights, the levels of 
the peptide returned to normal. The investigators suggested that the increased level 
of NP5Ts a response to the hrss olWeighl and at least partly accounts lor the ob.ses- 
sion with food that is typical in aimrexia. In addition, the high level of NPYis pro[> 
ably res];)on.sibIe for the absence of mensiruatioii in these patients. (Yon will recall 
that nem opepticie Vsuppresses ovnlalioii iji laboratorv animals.) (^SF levels of lep- 
tin are, as one would expect, low' in uiidei weight anorexics, Howxwer, if the patients 
begtJt eating again, their leptin levels reach normal values even before ibeir weight 
reuirns to normal, which may make it dilTicuh for them to maintain their weight gain 
(Mant/oroset al., 1997). 

We cannot rule out the possibility that some biochemical disimbaiiee in brain 
functions related lt> metaboh.sm t>r food Intake undeilie anorexia nervosa. Mea¬ 
surement of neurotranstniltei s, neiironuKlulators, and their melaholites in the cere¬ 
brospinal fluid is a crude and indirect indication of the release anti acih itv f>riliese 
substances in the brain. Hnfortunately, we do not liave a good animal model of 
anorexia lo siudv in the laboratory. 

Researchers have tried to treat anorexia nervosa with many drugs ihai increase 
appetite in iionanorexics or in laboratorv animals—for example, antipsycholic tiied- 
icaUons, drugs that stimulate adrenergic a.j recejjlors, i.-lX>PA, and l’H(l (the active 
ingredient in marijuana), Unfontmately, none of these drugs have shown themselves 
to he he I phi I (Mitchell, 1989). One study (Hal mi el al., 198fi) found that cvprobc|> 
tadine, an antihi.staminergic drug dial also has an antiseroUMiergic effect, may speed 
the recovery of antjrexics. The tii iig aided only patients who did not exhibit bulimia: 
the drug actually inierlered with the recoveiy ol iliose whtj tlitl exliibii bulimia. 
These results have not yet been coufli ined by oilier investigators. In any event the 
fact that atiorexies are usually tibsessed with food (aud show higli levels of neuro¬ 
peptide 5’in their (ISF) suggests that the disorder is not caused by the absence of 



luitij^cr. Researchers liavc liad Ijetlcr luck with nervosa; several suidies su^- 

^est that serotonin agonists such as iluoxetine (an antidepressani drtig that is best 
known as Prozac) may aid in the ireatnieiU oi this disorder (Atlvokai and KirUesic, 
1990; Kiiye et al., 2091). However, fliioxetiue does [lot help anorexic patients (Attia 
etal., 199S). 

Anorexia nervosa is a serious condition; understanding its causes is inure llian 
an academic inaiten We can liope that research tm the biological and social ct>nlrol 
t)f feeding and metabolism will help us to understand this pu//ling and dangerous 
tlisorder. 


INTERIM SUMMARY 


Eating Disorders 

Two sets of eating disorders—obesity and anorexia/bulimia nervosa—present serious health 
problems. Although the availability of cheap, tasty, high-calorie food in industrialized soci¬ 
eties plays an important role in the increasing incidence of obesity, the most important cause 
of extreme obesity appears to be an efficient metabolism, which permits fat to accumulate 
easily. Metabolic rates are controlled by hereditary and environmental factors. Adoption 
studies find no evidence that a person's early family environment has a significant effect on 
his or her body weight in adulthood. But other environmental factors do play an Important 
role in the development of obesity. A high percentage of Pima Indians who live in the United 
States and consume a high-fat diet become obese and, as a consequence, develop diabetes. 
In contrast, Mexican Pima Indians, who work hard at subsistence farming and eat a low-fat 
diet, remain thin and have a low incidence of obesity. 

So far, there is little evidence that obesity in humans is related to a deficient secretion 
of leptin, as it is in ob mice; in general, obese people have very high levels of leptin in their 
blood. Nor is there good evidence that obese people have faulty leptin receptors, as do db 
mice, corpulent rats, and Zucker rats. 

Anorexia nervosa is a serious—even life-threatening—disorder Although anorexic pa¬ 
tients avoid eating, they often remain preoccupied with food, and their insulin level rises 
when they are presented with an appetizing stimulus. Bulimia nervosa ^sometimes associ¬ 
ated with anorexia) consists of periodic binging and purging. 

Researchers are beginning to study possible abnormalities in the regulation of trans¬ 
mitter substances and neuropeptides that seem to play a role In normal control of feeding 
to determine whether medical treatments for anorexia and bulimia can be discovered. So far, 
no useful drugs have been found to treat anorexia nervosa; but fluoxetine, a serotonin ag¬ 
onist used to treat depression, may help to suppress episodes of bulimia. 

This section and the previous one introduced several neuropeptides and peripheral pep¬ 
tides that play a role in control of eating and metabolism. Table 11,1 summarizes informa¬ 
tion about these compounds. (See Table tT.t-) 

THOUGHT QUESTIONS 

1 . One of the last prejudices that people admit to publicly is a dislike of fat people. Is 
this fair, given that genetic differences in metabolism are such an important cause of 
obesity? 

2. Undoubtedly, anorexia has both environmental and physiological causes. Do you 
think that sex differences in the incidence of this disorder (that is, the fact that al¬ 
most all anorexics are female) is entirely caused by social factors (such as the empha¬ 
sis on thinness in our society), or do you think that biological factors (such as 
hormonal differences) also play a role? 
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Table 11.1 


1 Neuropeptides and Peripheral Peptides Involved in Control of Food Intake and Metabolism. ^ 

NEUROPEPTIDES 

Name 

Location 

of Cell Bodies 

Location of Terminals 

Interaction with 

Other Peptides 

Physiological or 
Behavioral Effects 

Melaiiin- 
conceniraling 
liurmoiicf (MCH) 

[.ateral 

h>poih a Iannis 

Neocoriex, periaqueductal 
gray matter, reticular 
formation, thalamus, locus 
coeruleus, neurons in 
spinal cord tliat control 
the sympailiedc nervous 
system 

Inhibited bv 

f 

leptin and 
('ART/a-MSH: 
activated by 
N'PY/AGRP 

Eating, decreitsed 
metabolic rate 

Orexin 

Lateral 

hypothalamus 

Similar to those of MCH 

neurons 

Inhibited by 
leptin and 
(ART/a-MSH; 
activitted bv 
NPY/AGRP 

Eating, deci'eased 
metabolic rate 

Ncuropcpiide Y 
(NFY) 

Arcuate nucleus 
of hypo dial am us 

Paraventricular nucleus, 

MCH and orexin neurons 
of the periforni cal region 

Inhibited by 
lepiin 

Eating, decreased 
metabolic rate 

Agoiiti-rclatcd 
peptide {AGRP) 

Arcuate nucleus 
of hypothalamus 
(colocalized wiih 

NP\0 

Same regions as NPY 
neurons 

Inhibited by 
leptin 

Ealing, decreased 
metabolic rate; 
acts as antagonist 
at MCA receptors 

Cocaine- and 
ampheianiine- 
ccgulaied transcript 
(CART) 

Ai’cuaie nucleus 
of hypothalamus 

Paraventricular nucleus, 
lateral hypothalamus, 
periaqueductal gray 
matter, neurons in spinal 
cord that control the 
sympadietic nervous 
system 

Activated by 
leptin 

Suppression of 
eating, increased 
metabolic rate 

a-melanocvte 

* 

stimulating 
hormone (ot-MSH) 

Ai'cuaie nucleus 
of hypothalamus 
{colocalizcd with 
CART) 

Same regions as CART 
neurons 

Activated bv 
leptin 

Suppression 
of eating, 
incrcjtsed 
metabolic rate: 
acts as agonist at 

MCA receptors 

PERIPHERAL PEPTIDES 

Name 

Where Produced 

Site of Actions 


Physiological or 

Behavioral Effects 

Lepiin 

Fat tissue 

Inhibits NPY/AGRP neurons: 
excites CART/ct-MSH neurons 

Suppression of 
eating, increased 
metabolic rate 

Insulin 

Pancreas 

Similar to leptin 


Similar to leptin 

Ghrelin 

Gastrointestinal sy'stem Excites NPY/AtiRP neurons 

Ealing 

CholecystokJnin (CCK) 

Duodenum 

Neurons in pylorus 


Suppression of eating 

Peptide 

(Castro i n testi nal systc ni I n h ibi ts N PY/AG RP 

neurons 

Suppression of eating 










Eating Disorders 


EPILOGUE 


Treatment of Obesity 


As Emily and ionathan, the students dis¬ 
cussed in the chapter prologue, came to 
realize, some people become fat with¬ 
out eating enormous quantities of food. 
Heredity has given them efficient me¬ 
tabolisms thatr in societies where food is 
plentiful, make weight gain easy and 
weight loss difficult. Of course, some fat 
people do eat enormous amounts of 
food; they may be addicted to eating 
the way some people are addicted to 
drugs. 

Whatever the cause of obesity, the 
metabolic fact of life is this: If calories in 
exceed calories out, then body fat will 
increase. Because it is difficult to in¬ 
crease the ''calories out" side of the 
equation enough to bring an obese per¬ 
son's weight back to normal, most treat¬ 
ments for obesity attempt to reduce the 
"calories in." The extraordinary diffi¬ 
culty that obese people have in reducing 
caloric intake for a sustained period of 
time (that is, for the rest of their lives) 
has led to the development of some ex¬ 
traordinary means. The rest of this dis¬ 
cussion will describe mechanical and sur¬ 
gical methods that have been devised to 
make obese people eat less. 

To eat, we must open our mouths. 
This obvious fact led to the develop¬ 
ment of jaw wiring, a procedure in 
which wires are attached to a person's 
teeth to keep the jaw from opening. 

The patient is not left to starve; he or 
she is given a liquid diet to sip through a 
straw. Of course, there is no guarantee 
that a person will ingest fewer caiories 
each day simply because he or she is de¬ 
prived of the opportunity to chew. In 
fact, Munro et al. (1987) reported that 
some of their patients managed to gain 
weight on a liquid diet However, many 
patients do manage to lose weight. Un¬ 
fortunately, almost all of them regain it 
once the wires are removed, and many 
become even more obese than they 
were when they started out. 

To reduce the recidivism rate, some 
therapists have fastened a nylon cord 
around the waist of their patients after 
they had lost weight through a jaw¬ 
wiring procedure. The ends of the cord 
were fused together so that the cord 
could not be removed without cutting 


it. Unfortunately, about half of the pa¬ 
tients did just that. 

Surgeons have also become involved 
in trying to help obese people lose 
weight. The procedures they have devel¬ 
oped either reduce the amount of food 
that can be eaten during a meal or inter¬ 
fere with absorption of calories from the 
intestines. Surgery has been aimed at 
the stomach, the small intestine, or both. 

The most common surgical procedure 
for reducing food intake has been to 
make the person's stomach smaller. Early 
procedures actually removed some of the 
stomach, but more recent methods have 
stapled part of it shut or have put bands 
around it so that it can expand only a 
limited amount, a procedure known as 
gastroplasty (literally, "a reshaping of the 
stomach"). Ideally, gastroplasty should 
result in a feeling of satiety after the in¬ 
gestion of a small amount of food. But In 
fact the surgery usually produces nimiety, 
or an aversive feeling of overfullness 
(from the Latin nimius, "excessive"). The 
meal stops not because the patients feel 
satisfied but because they feel so uncom¬ 
fortable that they cannot go on. 

Surgeons have developed several 
procedures that reduce the absorption 
of food from the intestines. All of these 
procedures rearrange the intestines so 
that food takes a shorter path to the 
large intestine, leaving less time for nu¬ 
trients to be absorbed. The unabsorbed 
nutrients are evacuated from the body, 
of course, so it should come as no sur¬ 
prise that diarrhea and flatulence (ex¬ 
cessive intestinal gas) are commonly as¬ 
sociated with these procedure. 

A less drastic form of therapy for 
obesity—exercise—has significant bene¬ 
fits. Exercise burns off calories, of 
course, but it also appears to have bene¬ 
ficial effects on metabolic rate. Bunyard 
et al. (1998) found that when middle- 
aged men participated tn an aerobic ex¬ 
ercise program for six months, their 
body fat decreased and their daily en¬ 
ergy requirement increased. 

King et al. (2001) studied the rela¬ 
tionship between occupational and 
leisure-time activity and people's body 
weight. They found that both factors 
were important. People with jobs that 


required more physical activity weighed 
less than those with sedentary jobs, and 
people who reported that they regularly 
got moderate or vigorous exercise 
weighed less than people who were 
physically inactive during their leisure 
time. Of the two faaors, leisure-time ac¬ 
tivity level was more important. 

As we have seen, appetite can be 
stimulated by activation of NPY, MCH, 
orexin, and ghrelin receptors, and it can 
be suppressed by the activation of lep- 
tin, CCK, CART, and MC4 receptors. Ap¬ 
petite can also be suppressed by activa¬ 
tion of inhibitory presynaptic Y2 
auto receptors by PYY. Most of these 
orexigenic and anorexigenic chemicals 
also affect metabolism: Orexigenic 
chemicals tend to decrease metabolic 
rate, and anorexigenic chemicals tend to 
increase it. In addition, uncoupling pro¬ 
tein causes nutrients to be "burned"— 
converted into heat instead of adipose 
tissue. Do these discoveries hold any 
promise for the treatment of obesity? Is 
there any possibility that researchers 
will find drugs that will stimulate or 
block these receptors, thus decreasing 
people's appetite and increasing the 
rate at which they burn rather than 
store their calories? Drug companies cer¬ 
tainly hope so, and they are working 
hard on developing medications that 
will do so, because they know that there 
will be a very large number of people 
willing to pay for them. 

The variety of methods—surgical, 
mechanical, behavioral, and pharmaco¬ 
logical—that therapists and surgeons 
have developed to treat obesity attests 
to the tenacity of the problem. The basic 
difficulty, beyond that caused by having 
an efficient metabolism, is that eating ts 
pleasurable and satiety signals are easy 
to ignore or override. Despite the fact 
that relatively little success has been 
seen until now, I am personally opti¬ 
mistic about what the future may hold. I 
think that if we learn more about the 
physiology of hunger signals, satiety sig¬ 
nals, and the reinforcement provided by 
eating, we will be able to develop drugs 
that attenuate the signals that encour¬ 
age us to eat and strengthen those that 
encourage us to stop eating. 
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KEY CONCEPTS ^ 


PHYSIOLOGICAL REGULATORY SYSTEMS 

I. Rt'giilatoi y systems ijiclucle foui essential featurfs: a 
system variable, a set point, a detector, and a Cf.)i rce- 
lional mechanism. Because of the lime it takes for 
substances to be abst>rl:jed iVom the digestive system, 
eating and drinking behaviors arc also controlled bv 
sa t i e tv me c h a n i .sm s. 


nals to the brain. The release ofCXlK by tlie ciuode- 
num and F\Y by (Hliei" parts of' the iruestirial tract 
decrease iuod intake. Receptors in the small in- 
lesiines and in the liver delect the presence of nii- 
irientsof a meal that is being digested and absorbetl 
into the bodv. 


DRINKING 

2. The body’s water is locaietl in the iniracellular and 
exiracellular eomf>artmerUs; the latter consists t>f the 
inierstiiial nuid and the blood plasma. 

Normal loss of water depletes both maj<jr compart¬ 
ments and produces both osmomeiric and vuhmiet- 
rie thirst. 

4. Osmnmetric thirst is detected by netn ons in the 
OVLT and surrounding parts of the anterior hvpo- 
ihalamus; volumetric durst is detected by the kidnev, 
which secretes an en/yme that j^rodnees angiotensin, 
and by baroreceptors in the atria ol lhe heart, which 
communicate directly with the brain. 

EATfNG AND METABOLISM 

3. TTic body has two mitiieiit reservoirs; a short-term 

4 

reservoir containing glycogen (a carlKj(iydrate) and 
a long-term reservoir containing i'ats. 

6. Metalxdism istlividcd into the absorptive and fasting 
phases, ctrntrolled primarily by lire honnones in¬ 
sulin aiui glucagon. 


WHAT STARTS A MEAL? 


7. I hinger is ai fee ted by social and environmental fac¬ 
tors, such as lime of day and ihe presence of other 
people. 


8. The most important ]>hysiologicaI signal for hunger 
occurs when receptors located in the liver and tlie 
brain signal a low availability of luUrieius, 


WHAT STOPS A MEAL? 

9. Satiety is control led by receptors in several loca¬ 
tions. Xu trie 111 receptors in the stcnnach send sig- 


NEURAL MECHANISMS 

10. Neural mechanisms in the biain stem are able to 
control acceptance or rejection of food, even when 
ihev are isolated from the forebrain. 

ii 

11. The hypothalamus is involved in the cuiUrul of eat¬ 
ing. Neurons in tlie lateral hypothalamus that se¬ 
crete MCH or orexin increase appetite and decrease 
metabolic rate. These neurons are, in turn, activated 
by neiiruns that secrete neuropeptide Y and AGRP. 
tirehlin, secreted by die stomach, aciivaies NI^V/ 
ACiRP neurons and stimulates hunger. 

12. Well-fed adipose tissue releases a hormone, leptiii, 
that suppresses eating by binding with leptiti recep¬ 
tors on netiropeptide-V-secreting neurons in the par¬ 
aventricular nucleus of the hypotbalanius, inhibiting 
them, l.epiin also inhibits lateral hvpolhalamic neu¬ 
rons that secrete MCTI and orexin, and it stimulates 
(WRT-aitd a-MSH-secreiing neurons, w'hose activity 
inbibii.s eating. 


EATING DISORDERS 

13. An important cause of obesiiv is an efficient nielal)- 
olism, which mav have a genetic basis. Uncoupling 
protein may be involved in determining the cffl- 
eiency of a person’s metabolism. 

14. Drugs that interact with the M(^Ih orexin, XPV, 
C^ART, or M(M receptors or alter the activity of un¬ 
coupling protein may lie helpful in treating obesity. 

15. Some investigators believe that physiological mech¬ 
anisms such as mist egulation of the release t>f 5-HT 
or neiiropeplide V in the hyptiihalamus may play a 
role in anorexia nervosa, but so far, persuasive evi¬ 
dence is lacking. 
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shacts <if the journal hVswjn// aiifl to an ohesitv dis^ 

cussi(in gron[>. 

Eating Disorders Tutorials 
http://psy71.dur.ac.uk/Education/lndex.html 

1 he site coiuains a C(im])re1iensive set of links to docmuenis 
and tinorials on eaiing disorders. 
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CHAPTER OUTLINE 



■ The Nature of Learning 
INTERIM SUMMARY 

■ Learning and Synaptic 
Plasticity 

Induction of Long-Term 
Potentiation 

Role of NMDA Receptors 

Mechanisms of Synaptic 
Plasticity 

Long-Term Depression 

INTERIM SUMMARY 

■ Perceptual Learning 
INTERIM SUMMARY 

■ Classical Conditioning 
INTERIM SUMMARY 

■ Instrumental 
Conditioning 

Role of the Basal Ganglia 

Reinforcement 

INTERIM SUMMARY 

■ Relational Learning 

Human Anterograde Amnesia 

Basic Description 

Spared Learning Abilities 

Declarative and 

Non declarative Memories 

Anatomy of Anterograde 
Amnesia 

Anterograde Amnesia: Failure 
of Relational Learning 

Role of the Hippocampal 
Formation in Spatial Memory 

Relational Learning in 
Laboratory Animals 

INTERIM SUMMARY 


1- Describe each of four basic forms of learning: perceptual learning, stimulus- 
response learning, motor learning, and relational learning. 

2, Describe the anatomy of the hippocampus, describe the establishment of long¬ 
term potentiation, and discuss the role of NMDA receptors in this phenomenon. 


3. Discuss research on the physiological basis of synaptic plasticity during long-term 
potentiation and long-term depression, 

4- Describe research on the role of the inferior temporal cortex in visual perceptual 
learning, 

5, Discuss the physiology of the classically conditioned emotional response to 
aversive stimuli. 


6. Describe the role of the basal ganglia in Instrumental conditioning and motor 
learning, 

7. Describe the role of dopamine in reinforcing brain stimulation and discuss the 
effects of administering dopamine antagonists and agonists. 

8. Describe the nature of human anterograde amnesia and explain what it suggests 
about the organization of learning, 

9< Describe the role of the hippocampus in relational learning, including spatial 
learning, and discuss the function of hippocampal place cells. 









PROLOGUE 


Every Day Is Alone 


Patient H* M* has a relatively pure am¬ 
nesia. His intellectual ability and his im¬ 
mediate verbal memory appear to be 
normal. He can repeat seven numbers 
forward and five numbers backward, 
and he can carry on conversations, 
rephrase sentences, and perform mental 
arithmetic. He is unable to remember 
events that occurred during several 
years preceding his brain surgery, but he 
can recall older memories very well. He 
showed no personality change after the 
operation, and be appears to be gener¬ 
ally polite and good-natured. 

However, since the operation, H, M, 
has been unable to learn anything new. 
He cannot identify by name people he 
has met since the operation (performed 
in 1953, when he was twenty-seven 


years old). His family moved to a new 
house after his operation, and he never 
learned how to get around in the new 
neighborhood. (He now lives tn a nurs¬ 
ing home, where he can be cared for) 
He is aware of his disorder and often 
says something like this: 

Every day is alone In itself, what¬ 
ever enjoyment I've had, anci 

whatever sorrow I've had_ 

Right now, Vm wondering. Have I 
done or said anything amiss? You 
see, at this moment everything 
looks clear to me, but what hap¬ 
pened just before? That's what 
worries me. It's like waking from 
a dream; I just don't remember. 
(Milner, 1970, p. 37) 


H. M. is capable of remembering a 
small amount of verbal information as 
long as he is not distracted; constant re¬ 
hearsal can keep information in his im¬ 
mediate memory for a long time. How¬ 
ever, rehearsal does not appear to have 
any long-term effects; if he is distracted 
for a moment, he will completely forget 
whatever he had been rehearsing. He 
works very well at repetitive tasks. In¬ 
deed, because he so quickly forgets 
what previously happened, he does not 
easily become bored. He can endlessly 
reread the same magazine or laugh at 
the same jokes, finding them fresh and 
new each time. His time is typically 
spent solving crossword puzzles and 
watching television. 


E xperiences change us; enccmi iters with oiii‘ environ men l aher our ixHiavior by 
nuxiilying our nervous system. .\s many iiivestigaiois liave said, an inifler- 
standing ofihe phvsiologjof memory is tlie uliimaie challenge to neuroscience 
researcli. The brain is complex, and so are learning and l emembering. Aldiougfi die 
individual change.s tliai occur witbin the cells of the brain may be relatively simple, 
die brain consists olTnany billions ol'nenrons. Tlierefbix% tsoialiiig and identifying 
the pariicular changes tliat are resptjnsiblc lor a particular memory are exceedingly 
difficnli. Similarly; aitliougli the elements of a particular learning task mav be sim¬ 
ple, its implications lor an organism may be complex. The lieliavior that the inves¬ 
tigator observes and measures mav hv onW one of many tliat change as a resnll of an 
ex[)enenee. However, despite the diniculties, the long years of work llnaily seem tt> 
be leaving off . New approaches and new methods have evolved from old ones, aiuJ 
real progress has been made in understanding the anattmiv and piiysiolog\ of learn¬ 
ing and remembering. 


i 


The Nature of Learning 


Lntni/njrycivvs n> the process by wliicli experiences change om nervous syslem and 
hence onr behavior. We refer to the.se changes as Akhongh ii is convenieni 

to describe memories as 11 iliey were notes placed in liling caliineis, ibis is certainly 
not the way experiences are reflected within the brain. Experiences are not ’'stored”; 
ratliei; they change the way we perceive, perform, think, and plan. Tliev flo so bv 
phvsically chaitging the strnctme of the nervous system, altering neural circuits that 
participate in perceiving, performing, thinking, and planning. Learning can take at 
least fbur basic foi nis; perceptual learning, stimulns-respunse learning, motor learn¬ 
ing, and relational learning. Perceptual learning is the ability to learn to recognize 
stimuli that have been perceived before. The jji iiiiarv function ol this type of learn¬ 
ing is the ability to ideiittiy ami categori/e objects (including other members of onr 


j perceptual learning Learning to 

I recognize a particuJar stimulus. 
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Figure 12.1 


A simple neural model of classical conditioning. When the 
1000-Hz tone is presented just before the puff of air to the 
eye, synapse T is strengthened. 


own species) and siiuadons, Uuless\vc liavc learned to rccogni/.e sonietliiiig, weean- 
iH)t learn Ikjw we should behave with respect to it—^We will not j^rofu IVuiii our ex¬ 
periences with it, and profiting from experience is whai learning is all about. 

Each oi'onr sensory systems is capable ol'perceptual learning. VVe can leai ii to 
recognize objects by iheir vlstial appearance, the sounds ihey make, how they feel, or 
how they smell. We can recognize people by the sliape of their face, the movements 
tiiey make when they walk, or the sound of their voice. Wlien we hear people talk, we 
can recognize the wt>rds iliey are saying and perhaps their emotional stale. .\s we shall 
see, perceptual learning appears to be accomplished primarily by changes in the sen- 
.sory association cortex. That is, learning to recognize complex ^'isual stimuli involves 
changes in the visual association cortex, learning to recognize complex andinn y stim¬ 
uli involves changes in the auditory ass<>ciaiion cortex, and so on. 

Stimulus-response learning is the ability lu learn u> perform a panictilar behav¬ 
ior when a particular slimnlus is present. Thus, it involves the establishment of con¬ 
nections between circuits involved in perception and those involved in movement. 
The beliavior could be an antt>maiic response .such as a defensive reflex, or it could 
be a complicated sequence of movements that was learned previously. SiimiiIns- 
response learning includes two major categories of learning that psychok>gists have 
studied extensively: dms/ral ronffhhninginul instrumentai fondtiioning. 

Classical conditioning is a form oldearning in w^hich an nnimportant stimulus ac¬ 
quires the properties ofan imporiaiUone. It involves an (moriaikm IwoMimtili. 

A stimulus that previously had little effect on bebavicn' becomes able to evoke a re¬ 
flexive, species-typical behavior. For example, a defensive eyeblink response can he 
conditioned to a Lone. If we direct a brief puff of air toward a rabbit's eve, the eye will 
auluniahcally blink. The response is called an unconditional response (UR) because 
it occurs nnconditionally. wiihont any .special training. The slimnliis that produces it 
(the puff of air) is called an unconditional stimulus (US). Now'w'e begin the training. 
We present a series of brief ! tones, each folkiw'ed 500 ms later by a pnfrof air. 

.After several trials the rabbifs eye begins to close even before the puff of air occurs. 
Classical conditioning has occurred; the conditional stimulus (CS—the iOOO-Hz 
lone) now'elicits the conditional response (CR—the eye blink). {See Figure I2.L) 
When classical conditioning takes place, what kinds of changes occur in the 
biain? Figure 12.1 shows a simplified neural circuit that ctndd account fur this type 
of learning. For the sake of simplicity w'e will assume that the US (the puff of air) is 

detected by a single neuron in the somatosensory system 
and that the CS (the 1000-H/ Lone) is detected by a single 
neuron in the aiidiiorv system. We will also assume that the 

/ f 

response—the eyeblink—^is controlled by a single neuron in 
the motor systetn. (e Figure 12,L) 

Now let ns see how the circuits work. If’ we present a 


Puff of 
air to - 
the eye 
(US) 


Neuron in 
somatosensory 
system 


Synapse P 
(strong) 


r^- 


1000-Hz 
tone " 
(CS) 



Neuron in 

auditory 

system 


Synapse T 
(weak) 


lOfifMlz lone, we find that the animal makes no reaction, 
because the synapse connecting the lone-sensiiive neinon 
with the neuron in the motor system is w^eak. That is, w^ben 
an action ptUeniial reaches the lenninal button of synap.se 
T (tune), the EPSP it produces in the dendrite of the motor 
neuron is too small to make that neuron lire. How-ever, if W'e 
present a puff of air to the eye, the eye blinks. This reacti<m 
Blink occurs because nature has provided the animal with a strong 
synapse between the scanaiosensory neuron and the motor 
neuron that causes a blink (synapse \\ for "pufT'). To estab¬ 
lish classical conditioning, w'e first preseni the lOOO-H/ tone 
and then almost immediately follow it with a puff of air. Af- 
tei W'e repeat these pairs of stimuli several times, w'e find that 
we can dispense w'itb the air puff; the 10()f)-Hz lotu' piiv 
dnees the blink all bv itself. 







The Nature of Learning 


Over fifty years ago, Donald llebh pn>p()scd a rule that iiilglu explain flow neu¬ 
rons are diauged bv experience in a wav iliat would cause changes in l>eliavior 
(Hebl>, 1949), riie Hebb rule savs lliat if a svnajxsc rejDealedly l)ecoines ae dve ai 
al)oul the same time that tlie postsvnapiic neuron (ires, changes will take place in the 
siruciure or chemistry of ilie synapse that will strengthen it. How w'oiild the llebb 
rule apply to oiir circuit? II the lf)00-H/ tone is ]>reseiUecl llrst, then weak svnapse T 
(for ■'tone'') becomes active. H the pulTis presented immerliately afierwarrh iheti 
strong svnapse P becomes active and makes the motor neuron Ihe* The act of firitig 
then sirenglhens any synapse with the motor neuron fhat has jus! him Of 

course^ this means svnapse T. After several pairings of the two stimuli, and after sev¬ 
eral increments of strengthening, svnapse T becomes strong enough to cause the 
motor neuron to lire by itself Learning lias occurrerl, (See Figure 12J.) 

When Hef>b hirnutlaied his rule, he was unable to ^ielerm^ne whetlier it was 
true or false, Now, hnalfy, enougli progre.ss has been made in laboratory lecliniques 
that the strength of individual synapses can be determineef and investigaitns are 
studying die physiological bases of learning. We will sec llie results of some of these 
approaches in the next section of this chapter. 

The second major class of siimuius-rcsponse learning is instrumental condi¬ 
tioning (also called olmatU fonditionhtg). Whereas classical conditioning involves au¬ 
tomatic, species-typical responses, instnmiemal conditit>niiig involves behaviors ihai 
have been learned. And whereas classical conditioning involves an association be¬ 
tween two stimuli, instrumental conditioning involves an ass{tnafio}i hrtwmt a trsfmasf 
and a siimiihts. Instrumental conditioning is a more flexible form of learning, U per¬ 
mits an organism to adjust its behavior according to the consequences of that be¬ 
havior. That is, when a behavior is followed by favorable consequences, the behavior 
tends to occur more frequently; when it is followed by unfavorable consequences* it 
tends to occur less frequently. C'olleciively, "favorable consequences’' are referred to 
as reinforcing stimulf and "uni'avorable consequences" are referred lo as punishing 
stimuli. For example, a response that enables a hungry organism to fhui food will be 
reinforced, and a response that causes [>ain will be ]>nnished, (Psychologists often re- 
fer to these terms as maforms iUKl f)nnishers.) 

Let's consider ifie process ofheinfoi cernent. Briefly .statccL reinforcement causes 
changes in an animal's nervous system that increase the likelihood that a particular 
stimulus will elicit a particular response. For example, when a liungrv rat is first pul 
in an operant cliamber (a “Skinner box"), it is not very likely to press the lever 
niomUed on a wall. However, if it does press the lever and if it receives a piece of food 
immediately afterward, ilie likelihood <4 its making anotfier re.sptinse increases. Put 
another way, reinfoi cement causes the sight of the lever to serve as lire stimulus that 
elicits the lever-pressing response. It is not accurate to say simply that a particular be¬ 
havior becomes more frequent. If no lever is present, a rat that lias learned to press 
one will not wave its paw around in die air. The sight of a neetled to [)rtKluee 

the response, 1'hus, the process of reinlbrcenieni strengthens a connection between 
neural circiiits involved in perception (the sight of the lever) and those involved in 
movement (the act of lever pressing). As we will see later in this clia]>lei; the brain 
contains reinforcemeitt mechanisms that control this process, (See Figure /2*2*) 

The third major category of learning* motor learning, is actually a component 
of stimulus-rcspouse learning, Foi simplicity's sake we can think of perceptual learn¬ 
ing as the establishment of elianges within die sensorv svsienis of die brain* stiniu- 
lus-resp<tn.se learning as die establishment of connections between sensory .systems 
and motor systems* and niotoi' learning as the establi.shment of ciianges within mo¬ 
tor svstems. Bui, in f act, motor learning eanm>t occur without sensory guidance from 
the environment. For example, nmsl skilled movements Involve interactions with 
objects: bicycles* pinball maeliines* tennis racquets* knitting needles* and so on. Even 
skilled movements llial we make by ourselves* such as solitary dance steps* involve 
feedback from ilie joints* muscles, vestibular ajiparatus, eyes, ami Cfintact between 


StimuILis-response learning 

Learning to automatkally make a 
particular response in the pres- 
ence of a particular stimulus; in- 
dudes classical and instrumental 
conditioning. 

classical conditioning A learning 
procedure: when a stimulus that 
initially produces no particular re¬ 
sponse is followed several times 
by an unconditional stimulus 
that produces a defensive or ap¬ 
petitive response (the uncondi¬ 
tional response), the first 
stimulus (now called a condi¬ 
tional stimulus) Itself evokes the 
response (now called a condi¬ 
tional response). 

Hebb rule The hypothesis pro¬ 
posed by Donald Hebb that the 
cellular basis of learning involves 
strengthening of a synapse that is 
repeatedly active when the post- 
synaptic neuron fires. 

instrumental conditioning A 

learning procedure whereby the 
effects of a particular behavior in 
a particular situation increase (re¬ 
inforce) or decrease (punish) the 
probability of the behavior; also 
called operant conditioning, 

reinforcing stimulus An appeti¬ 
tive stimulus that follows a partic¬ 
ular behavior and thus makes the 
behavior become more frequent. 

punishing stimulus An aversive 
stimulus that follows a particular 
behavior and thus makes the be¬ 
havior become less frequent. 

motor learning Learning to 
make a new response. 
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Figure 12.2 

A simple neural model of instrumental conditioning. 


Stimulus 
(6.g., sight 
of lever) 


Neural circuit that 
detects a particular 
stimulus 


Y 

Reinforcing stimulus 
{e,g., food) 


When rat 
presses lever, - 
it receives food 


i 

Reinforcement Reinforcement system 



particular behavior 


Behavior 
(e.g., lever 
press) 


Perceptual System 


Motor System 


relational learning A complex 
form of learning that involves 
the relations among individual 
stimuli; incbdes spatial learnmg, 
episodic learning, and observa¬ 
tional learning. 


the fc'cl tuul tilt* floon Motor IciiiTiiiifr dilTers from oilitri^ foi iiis <if learning primary 
ily in ilie degree to which new forms of hclia\ ior arc learned; the more nrivel the be¬ 
havior, the more the neural circiiiis in the motor systems of the brain nmst be 
modifiecL (See Figure 123.) 

A [lanicular learning situaiion can invoKe varying amounts itf all three types of 
learning that I have described st> fan jierceptuah slinmlns-rcsponse, and motor. For 
example, if we teach an animal to make a new response whenever we present a stim¬ 
ulus it has nevei seen before, it must learn to rectignize the siimulns (perceptual 
learning) and make ilie response (moUir learning), and a conneciion must be es¬ 
tablished between these two new memones (stinnilus-response learning). If we teach 
it to make a response it has already learned whenever w'e present a new siimulns, only 
perccptiial learning and stimukis-iespouse learning will take jilace. 

The three forms of learning 1 have described so f ar consist primarily of changes 
in one sensory system, between one sensorv system and the motor system, or in tlie 
motor system. fUil ol>viunsly, learning is usually mure complex than that, Tlie four lit 
form ui' learning, relational learning, involves learning the i elationslii[>s among in¬ 
dividual stimuli. For example, consider what we must learn to become faEiiiliar with 
the contents ofa room. First, we must learn to i’ec<>gnize each of tlR* objects. In ad- 
ditioti, we must learn the relative locations of the objects with l espect to each other. 


Figure 12.3 

An overview of perceptual, stimulus-response (S-R), and motor learning. 
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As a rrsull, when v\e find ourselves located in a particular place in the rfjoiiu our per¬ 
ceptions of these objects and tlieir locations relative lo us leli us exact Iv where we are. 

Ollier types of relational learning are even more complex. Episodic in — 
remembering sequences of'events (episodes) that we witness—recjuircs us \o keeji 

track not onlv of individual stimuli but also of the order in which tliev occur. Ohsn- 

* , 

vatmiul learning —learning by waicliing and imitating other people—^reqtiires us to 
remember what someone else does, the situatit>n in which ilie behavior is per- 
forme<i> atid the relationship between the other person's movemenis and our own. 
As we will see in the last j^art of this chapter, a special system that involves the hip¬ 
pocampus and associated structures appears to perform coordinaittig functiems 
that are necessary for many tyj>es of learning that go be von d simple perceptual, 
stimulus-response, or motor learning. 


INTERIM SUMMARY 


The Nature of Learning 

Learning produces changes in the way we perceive, act, think, and feei. It does so by pro¬ 
ducing changes in the nervous system in the circuits responsible for perception, in those re¬ 
sponsible for the control of movement, and in connections between the two. 

Perceptual learning consists primarily of changes in perceptual systems that make it pos¬ 
sible for us to recognize stimuli so that we can respond to them appropriately. Stimulus- 
response learning consists of connections between perceptual and motor systems. The most 
important forms are classical and instrumental conditioning. Classical conditioning occurs 
when a neutral stimulus Is followed by an unconditional stimulus (US) that naturally elicits 
an unconditional response (UR). After this pairing, the neutral stimulus becomes a condi¬ 
tional stimulus (CS); It now elicits the response by itself, which we refer to as the conditional 
response (CR), 

Instrumental conditioning occurs when a response is followed by a reinforcing stimu¬ 
lus, such as a drink of water for a thirsty animal. The reinforcing stimulus increases the like¬ 
lihood that the other stimuli that were present when the response was made will evoke the 
response. Both forms of stimulus-response learning may occur as a result of strengthened 
synaptic connections, as described by the Hebb rule. 

Motor learning, although it may primarily involve changes within neural circuits that 
control movement, is guided by sensory stimuli; thus, it is actually a form of stimulus- 
response learning. Relational learning, the most complex form of learning, is described iater 
in this chapter. It includes the ability to recognize objects through more than one sensory 
modality, to recognize the relative location of objects in the environment, and to remember 
the sequence in which events occurred during particular episodes. 

THOUGHT QUESTION 

Can you think of specific examples of each of the categories of learning described in this 
section? Can you think of some examples that include more than one category? 




Learning and Synaptic Plasticity 


On theoretical consicleraliuns alone, it would appear that learning must involve 
synaptic plasticiiv: changes in the structure t>r biochemistrv of svnapses that alter 
liieir effects on posisynaptic neurons. Recent years have seen an explosion oi’ re¬ 
search on thi.s topic, largely siiinulaled by the development oi’methods that permit 
researchers lo observe structural and biocliemical changes in niicroscopicallv small 
siructnres: the presynaplic and postsynapiic components t>f synapses. 
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' long-term potentiation A long- 
I term increase \n the excitability of 
a neuron 10 a particular synaptic 
I input caused by repeated high- 
frequency activity of that input. 

hippocampal formation A fore- 
I brain structure of the temporal 
; lobe, constituting an important 
part of the limbic system; includes I 

the hippocampus proper (Am- f 

1 mon s horn), dentate gyrus, and j 

subiculum. ! 


population EPSP An evoked po¬ 
tential that represents the EPSPs 
of a population of neurons. 


associative long-term potentia¬ 
tion A long-term potentiation in 
which concurrent stimulation of 


I 


weak and strong synapses to a 
given neuron strengthens the 
weak ones. 


Induction of Long-Term Potentiation 

Electrical slimnUitiun (>rcircuits wiiliiii the hippocampal lormatit>n can lead to long- 
leriii sviiapiic changes that seem 10 be among those 1 csponsihlc lor learning, L^mo 
(I9hh) discovered tliat intense electrical sliniulalion of axons leading Ironi die en- 
torhinal ct)riex 10 die dentate g%rns caused a long-term increase in the niagiiitude 
oLexcitatory ]j(>si.synaptic poiemials in the postsynaptic neurons; iliis increase ha.s 
come Ui be called long-term potentiation* (The word means '*io strengthen, 

to [iiake more potent.’') 

First, let's 1 eview some anaLoniy; The hippocampal formation Is a specialized re¬ 
gion of’ihe limbic coi tex located in the temporal lobe, (its location in a human brain 
is shown in Figure 3.1 L) Because the hippocampal foi ination is folded in one di¬ 
mension and then curved in another, it has a complex, tliree-dinieiisional shape. 
Tlierefoie, it is difficult to show wTat it looks like with a diagram on a two-dimensional 
sheet ol papen Ftyrumaieh; ihe sti ucture of the hippocampal formatifui is orderly; a 
slice taken aimvhere perpendictilar to its ciiiAing long axi.s contains the same set of 
circuits, 

Figure 12A shows a slice of die hippocampal Ibrmaiiun, illustrating a typical 
procedure lor producing long-term potenlialioii. The primary in]>ui tcj the hip- 
]iocam[3al I'ormaiion comes h orn the ('nfor/iiital rotlex. The axons of neurons in the 
en to rhinal cortex pass through the fmforfint and form synapses with the gran¬ 
ule cells of the tint tali' A siimulating electrode is placed in the perforant path, 

and a recording electrode is placed in the dentate g\TUs, near the granule cells. (See 
Figure 12A.) First* a single pulse of electrical stimulation is delivered to die perforant 


Figure 12.4 

Connections of the components of the hippocampal formation. 
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Photograph from Swanson, L. W,, Kohler, C., and Bjdrklund, A., in Handbook of Chemical Neuroanatorrty. 
Vol. 5: Iniegfated Sysfems of fhe CA/S, Pan L Amsterdam: Elsevier Science Publishers, 1987. 
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Dentate 
gyrus 


|xuh, and llicn tlic resulting population KI^SP h recorded in 
the den late g>rus, Tlie population EPSP is an extracellular 
nieasureinent td the excitatorv postsvnajiiic pnientials (EPSP) 
produced by tite synapses oi the perforani path axons with the 
dentate grannie cells. The si/e of the lirst population EPSP in¬ 
dicates the strength <d the synaptic connections belbre long¬ 
term potentiation has taketi place* Long-term potentiation can 
he indticed by siimnlaiing the axons in the peri'orant path with 
a hurst of approximately one innulred pulses of electrical stim¬ 
ulation, <le live red within a few seconds. Evidence that long¬ 
term ]>otentiation has oeenrred is obtained hv periodicallv 
deliveil 11 g single pulses to the [jerforant path and recoiling 
the response in the dentate g^riis, 11 the response is greater 
than it was hefVjre the hurst of pulses was delivered, long-term 
potentiation lias occurred, (See Figure /2,5*) 

Long-term potentiation can he produced in other regions 
of’llie hippocampal rormation and, as we shall see, in other 
places in the brain. It can last lor several months (Bliss and 
Lomo, 1978). It can i>e produced in isolated slices of the hip¬ 
pocampal forma lion as well as in the brains of living animals, 
which allows researchers to stimulate and record from individ¬ 
ual nenrons and to anah-ze hiocheniical changes. The brain is 
removed f rom the skull, the hippocampal complex is dissected, 
and slices arc ]jlaced in a temper at urc-controllexi chamber 
filled willi liquid that resembles interstitial fluid. Under o] 5 ti- 
tnal concliiions a slice remains alive for up to fortv hours. 

Many experiments have demonstrated that iong-terni potentiation in hippo¬ 
campal slices can follow tlie Hebh rule. That is, when weak and strong svnapses to a 
single nettn>n are stimulated at approximately the same lime, the weak svnapse be¬ 
comes sirengthened. This phenomenon is called associative long-term potentiation^ 
because it is produced by the association (in time) betwx^en the aciivitvof the iwxi sets 
of synapses* (See Figure 12.6.) 


Figure 12.5 

The procedure for producing long-term potentiation. 
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Role of NMDA Receptors 


Nonassociaiive long-tei in potentiation ret]uires some sort 
of additive effect. That is, a series of pulses fielivered at a 
higli rate all in one hurst will produce long-term potenti¬ 
ation, hut the same number of pulses given at a slow rate 
will not. (In fact, as we shall see, low-fre(|uenc\ stimulation 
can leatl to the t)p]iosite phenomenon: long-term deffres- 
.sitrn.) The leason for tins phenomenon is now clear* Sev¬ 
eral experiments have shown that synaptic strengthening 
occurs w'hen molecules of the nennm ansmiuer hind wiili 
postsynapuc receptors located in a dendritic spine that is 
already fiepolari/ed* Kelso, (lanong, and Brown (19Sh) 
found that if thev used a microelectrode to artificialK tie- 


])olari/e UAl nenrons and then stimulated the axons that 
formed synapses with them, the synapses became 
stronger—that is, they produced a stronger postsvnajilic 
ptUential in ihe dendritic spine. However, if the slininla- 
hon ofihe synapses and the depolarization of the neuron 
occurred at different times, no effeci was seen: thus, the 
release of ihe neurotransjiiitter and dept>lari/ation of the 


Figure 12.6 

Population EPSPs recorded from the dentate gyrus before and 
after electrical stimulation that ted to long-term potentiation. 
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Fronn Berger. T. W, Sdertce, 1984. 224. 627-630, Copyright 1984 by the 
Amencan Associatiori for the Advancement of Saence Reprinted with 
permission. 
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Figure 12.7 


Long-term potentiation. Synaptic strengthening occurs when 
synapses are active while the membrane of the postsynaptic cel! is 
depolarized. 
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[jnstsynaptic mt'iiibiaiic liad to occiii at Uic same limo. 
(Sff Figure 12,7.) 

KxpcMaiiR’iits suc h as tlicoucs I just clescribeci indicate! 
til at long-term polcmliation rccjuircs two events: activation 
of synapses and depolari/alion ofihe postsynaptic neuron. 
The ex])lanation (dr this phenomenon, at least in soine 
parts of the l>raiin lies in die cliaracterislics of a very spe¬ 
cial receptor; As vve saw in CUiapier 4. the most important 
excitatory neuron an smiiiei' in the brain is glutamic acid 
(tisually referred to as \Ae also saw that the post- 

synaptic ell eels of glutamate are mediated by several dif¬ 
ferent types of receptors. One of them, tlie XMDA 
receptor, plays a critical role in long-term potentiatitJir 

J'he NMDA receptor has some tmusual properties. It 
is found iti die hippocampal Idi tnalioii, especially in field 
OAl. It gels its name from the drug that speeificallv acti¬ 
vates it: AHiielhyl-li-asparlate. The NMDA receptor con¬ 
trols a calcium ion eliannef However, this channel is 
normally blocked bv a magnesium ion which pre- 

vtmts calcium ions from entering the cell even when the re¬ 
ceptor is stimulated f)y gliuamaie. Biu if the postsynapdc 
membrane is depolarizetf the Mg"’^^ is ejected from the ion 
chamiel, and the channel is free to admit ions. Thus, 
caleium ions enter the cells through the channels con¬ 
trolled hv NMDA receptors only w hen glutamate is present 
rnitl when tlie postsynaptic membrane is depoiari/ed. This 
means that the ion channel controlled bv the .NxVIDA re- 
ceptor is a neurotratrsinitier ffml vohage-de]>endent ion 
channcL (See Figure /2,^and Amuiatimi 12,L The NMDA 
reeeptoK) 


Figure 12.8 

The NMDA receptor, a neurotransmitter- and vottage^dependent ion channet (a) When the 
postsynaptic membrane is at the resting potential, Mg^^ blocks the ion channel, preventing 
from entering, (b) When the membrane is depolarized, the magnesium ion is evicted. Thus, the 
attachment of glutamate to the binding site causes the ion channel to open, allowing calcium ions 
to enter the ciendritic spine. 
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Learning and Synaptjc Plasticity 


Tlic sti oiifTC'st evidence implicating NMDA recepinrs in lnn|;-Lenn potentiaunii 
comes (Vom research with (Irngs that l)loek NMDA receptors, such as APS (2'amino- 
r>-[)hos[)honopentanoate), APS prevents the esiablisliment (d lon^-term potentiation 
in field C\l and the dentate g^'Cns, 

(^ell biologists have discovered that the caleiiim ion is used bv manv cells as a sec- 
ond messenger. The entry of calcium ions tlirotigb the ion channels controlled hv 
NMDA receptors is an essential step in long-lernt potentiation. lAnch et al. (1984) 
demortstraied this fact by injecting K(i f.X directlv into hip[K>campal pyramidal cells. 
This chemical binds with calcitim and makes it insoluble, destroving its hioUtgical ac¬ 
tivity. rile hGTA blocked the establish inenl of long-term potentiation in the injected 
cells; their excitability was not increased by high-freqnency stinnilation of axons that 
lorined synapses with them. However, neighboring cells, which were mn injected 
with E(jTA, showed long-Lerm potentiation. 

In Ghapter 2 yon learned that only axtms are capable of producing action po¬ 
tentials. Acoially, they can also occur in dendrites of some tvpes of pyramidal cells, 
including those in Held C-Al of ihe hippocampal formation, file threshold ofexci- 
laiitm for dendritic spikes (as these action potentials are called) is raiiier high. As 
fUi- as we know, tliey occur only wlien an action potential is triggered in the axon of 
the pv ramidal cell. The backwash of clepolarizaiion across the cell hodv niggers a 
dendritic spike, which is propagated tip the trunk of the dendrite. I'his means that 
whenever the axon of a pyraniiflal cell fires, all t>i4ts deiidiiiic spines heconie depo¬ 
larized for a brief time. 

I think that considering what yt>u already know about associative long-term po- 
leiuiation, you can anticipate the role that NMDA receptors play in this plienome- 
non. If^ weak synapses are active by themselves, nothing happens, because the 
membrane (>( the dendritic spine does rutt depolarize sufllciently for the calcium 
channels controlled by tlie NMDA receptors to open. (Remember that for these 
channels to open, the postsynaplie membrane must depolarize and displace the 
Mg-'*^ ions that normally block them.) How'ever, if the activity of strong synapses lo¬ 
cated elsewhere on the postsynaplie cell has caused the cell to fire, then a dench itie 
spike will depolarize the postsynaptic membrane enough for calcinm to enter the 
ion channels romrolled by the NMDA receptors. Thus, the special properties of 
NMDA receptors accouiu not only for the existence of long-term poieiiliaiion hut 
also for its a.ssociative nature. (See Fis^tre 12,9 mid Animatiott 12,2, Associative LTR) 


Mechanisms of Synaptic Plasticity 

W'hai is responsible for the increases in synaptic strength that occur during long¬ 
term jiotenliation? Research indicates that at least two tvpes of modifications ocenr 
w hen a synapsr^ becomes strengthened: individual svnapses are strengthened, and 
iKwv synapses are produced. Strengthening of an individual synapse appears to be ac¬ 
complished by an increase in the niimbei^ of postsvnaptic AMFA receptors^—that is, 
y/f/f?-NMDA glutamate receptors—preseru in that svnapse. 

Where do these new AMPA receptors come from? Shi et al. (1999) prepared a 
gene for a subunit of the AMPA receptor tliat had a iluore.scem dye molecule at¬ 
tached to it. They used a harmless virus to insert this gene into neurons in hip¬ 
pocampal slices. 1'liis procedure permitted the inv^^stigators to use a two-plioion 
laser scanning microscope to see the exact location of A.MPA receptors in dendritic 
spines of{]Al neurons. The investigators iiuhiced long-term potentiation by .stimu¬ 
lating axons that form .synapses with these dendrites. Before long-term potential ion 
was induced, they saw AMPA receptors chisicred at the base ofAhe dendrilie spines. 
Fifteen minutes after the indiietiou of long-term potentiation, the AMPA receptms 
flooded inti) the spines and moved to ilieir lips—the location of the ptistsvnapiic 
[iienihrane. I his nnwement of AMPA recepttjrs was prevented hv .VPo, the drug that 
blocks NMDA receptors. (See Figtire 12,10,) 


Animation 12.1, The 
NIVIDA receptor, 
illustrates the role 
of the NMDA receptor as a 
neurotransmitter- and voltage- 
dependent son channel. 



Animation 12.2, Associa¬ 
tive LTP, illustrates the 
role of dendritic spikes 
in the strengthening of weak 
synapses by the coordinated 
activity of strong synapses. 



NMDA receptor A specialized 
ionotropic glutamate receptor 
that controls a calcium channel 
that is normally blocked by 
Jons: involved in long-term 
potentiation. 

APS 2-Ammo-5-phosphonopen- 
tanoaie. a drug that blocks 
NIVIDA receptors. 

dendritic spike An action poten¬ 
tial that occurs in the dendrite of 
some types of pyramidal cells. 

AMPA receptor An ionotropic 
glutamate receptor that controls a 
sodium channel; when open, it 
produces LPSPs. 
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Figure 12,9 

Associative long-term potentiation. If the activity of strong synapses is sufficient to trigger an action 
potential in the neuron, the dendritic spike will depolarize the membrane of dendritic spines, 
priming NMOA receptors so that any weak synapses active at that time will become strengthened. 
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Figure 12.10 

Two-photon laser scanning microscopy of the CA1 region of living hippocampal slices showing 
delivery of AMPA receptors into dendritic spines after long-term potentiation. The AM PA receptors 
were tagged with a fluorescent dye molecule. The two photographs at the bottom are higher 
magnifications of the ones above. The arrows labeled a and b point to dendritic spines that 
became filled with AMPA receptors after the Induction of long-term potentiation. 




Before LTP After LTP 


From Shi, S.-H., Hayashi, Y., Petralia, R. S., Zaman, S. H., Wenthold, R, J., Svoboda, K,. and Malinow. R, Science, 
1999, 284, 1811-1816 














Learnfng and Synaptk Plasliciiy 


How docs tlic entry of aifciuin itnis inu> the dctidriiic spine nmse AMPA rcccp- 
tors lo move into the postsynapik rneinfMauer Tins process ajipears to involve CaM^ 
KII (type 11 cak:ium<almodulin kinase), an eti/vnie that is present in dendi iiic s| 3 inc's. 
ClaM-KIl is a rah}ttm-{iefH^ndrni^\\/s ix\L\ vvliich is inactive until a caleinni ion binds wiiii 
it and activates it. Many sttidies have shown that ClaM-KlI |)lays a critical role in long¬ 
term poteiuiatiotn Foi example, Silva et ah (1992a) produced a targeted mutation of 
the gene resp<jnsible for ilie prfjdnction ofT^aM-KJI in mice. Tlie mice had ntj obvi¬ 
ous netiroaiiatotnieal defects, and the res[Kmses of their NMDA recej^Jtors were nor¬ 
mal, However* the investigators were imable to pnjdnee lotigaerm potentiation in 
held (lAl (jriiipjDocampal slices taken from lliese animals, Lledoei ah (1995) fuiitid 
that injeeiion of activated CiaM-KIl directly into TAl pvramidal cells minheketl the ef¬ 
fects of long-term potentiation: It strengthened svnaptic transmission in those cells. 

lasman and /habotinsky (2001) present a liypotlietical model to explain llie 
role that activated CkiM-KJI plays in the insertion of new A MPA recejitors into the 
postsynaptic membrane. NMDA receptors are no[ inally atK’liored \o a scaJTnIfling 
[irotein ktiown as [hSD95, located inside the postsynaptic membrane. Research lias 
sliown tliai activated (laM-KM can bind with an intiacellular component t>l the 
NMDA recepioi*—and also with a set of linking prtjtcins that can attach to AM PA re¬ 
ceptors, AM PA receptors are brotight in vesicles to the postsynaptic inemhiane of 
dendritic spines. They aiiacii to the XMDA receptors, linking proteins attach to 
them, and then AM PA receptors aLlaeh lo the linking proteins. (See Figure 12 JL) 


CaM-KII Type It calcium-calmod¬ 
ulin kinase, an enzyme that must 
be activated by caloum; may play 
a role in the establishment of 
long-term potentiation. 


Figure 12.11 

A hypothetical model that describes the insertion of new AM PA receptors into the postsynaptic 
membrane of dendritic spines after long-term potentiation. The presence of glutamate and 
membrane depolarization open NMDA receptors. Calcium ions enter and activate molecules of 
CaM-KII by attaching phosphate groups (P), a process known as phosphorylation. Linking proteins 
attach to the activated CaM-KII, and AM PA receptors, brought to the postsynaptic membrane in 
vesicles, attach to the linking proteins. The addition of new AMPA receptors results in larger 
postsynaptic potentials wher> the terminal button releases glutamate. 
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Adapted from Usman, J., Schulman, H., and Cline, H. Nature Reviews: Neurosdence, 2002. 3. 175-190. 
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Animation 12,3, Long- 
Lasting LTP, shows struc¬ 
tural changes that may 
be responsible for long^lasting 
long-term potentiation. 



nitric oxide synthase An en¬ 
zyme responsible for the produc¬ 
tion of nitric oxide. 


A second clianp^c dial appears in accomjjjany long-term potcnliaiion is alttTalion 
of svnapiic stj iirlurc. Tor example, tk:inisinan el aK (19^11. 1996) have luimd ilial lorig- 
lenn poienilaiion increased the lumiber of such j'eainres, which tliey refen ed to as 
‘"perforatetl syiiapses/' Usirig a special stain thal labeled calcium in rleiidi itic spines, 
buclisand Muller (1996) found thal after long-lenn pt>tenuauc^n, most of the labeled 
spines formed perforated synapses with the pres\iiapuc lerininals. Fluis, perforated 
synapses appear to be uiie of the characierisiic features of strcnglheiied synapses. 

I’oni ei al, (1999) found evidence that sup]>orted the suggestion thal perlVnated 
,sviia[>ses are a wavpoint oii the ]ialh to product ion of new synapses. By examining 
different hi[>pocampal slices at different times after the induction of k)ng-term po- 
leiitiaiion, they could Idllow the time course of structural changes. At first they saw 
perforated svnapses, hut these soon disappeaied, to be rejslaced by a threefold in¬ 
crease in the luimbei' of terminal buttons forming synapses with two or more spines, 
fhev did not see luuUipie spine synap.ses when they pretreated llie liippocampal 
slice with a chemical that prevents the formation of long-term potetitiation. (See 
Figure 12J2 dnd Attitnation 123, Long-LastingLTR) 

Researchers believe that long-term potentiation may also involve a third tvpe of 
svnapiic inodificahuns: fmsynaptifchimgcs, such as an increase* in the aiiiouni ol gki- 
lainaie that is released by the terminal button. Bui how could a process that occurs 
postsynaptically, in the dendritic spines, cause presynaplic changes? A possible answer 
cennes from the discovery lliat a simple molecule, nitric oxide, can communicate mes¬ 
sages from one cell to another. As we saw in (Chapter 4, nitric oxide is a soluble gas 
pnxluced from the amino acid arginine by the activity of an enzyme kmnvn as nitric 
oxide synthase* Researchers liave found that nitric oxide (NO) is used as a messeii- 


Figure 12,12 

A hypothetical series of changes that synapses undergo following long-term potentiation. 
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Adapted from Sorra, K. E.. Fiala. J, C,. and Harris. K. M. Critical assessment of the involvement of perforations, 
spinoles. and spine branching in hippocampal synapse formation. Journa/ o/ Comparative Neurology, 1998. J96, 
225-240 Copyright © 1998 Reprinted with permission of Witey-Liss. Inc., a subsidiary of John Wiley Sons. Inc. 
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Figure 12.13 


^er In many parts o\ llic brnly; tor example, il is involved in the control of the iiiiis- 
eles in the wall oi the intestines, it dilates bloodvessels in re^icnis ofihe brain lliat f>e- 
come metabolically active, and it siimiilaies the changes in blood vessels that prtHiuec 
penile erections ((^tilolta and Koshland, 1992). Once produced, N(.) laststmlva short 
time betdre it is destroyed. Thus, if it were produced in dendritic spines in the hi[v 
poeainpal formation, it conkl (lit [use only as fai as the nearbv terminal buitt)rts, wliere 
it might produce change.s related to the Induction of long-term potentiation. 

Stweral ex peri men is suggest that NO may indeed [)c a retrograde messenger in- 
vi>lved in long-tei in potentiation. (/^/'/m^^iW^uiieans 'moving backward”: in this context 
it refers to mes.sitges sent bxjtn the denciritic spitie back to the lerminal butioti.) Almost 
simultaneously, li>ur laboratories rejjorled that drugs iliat block nitric oxide s\ iithase 
preventetl the esiablislmieiit t)f lt>ng-ierm [potentiation in hippocampal slices (O'Dell 
et ah, 1991; Schnmaii and Madison, 1991; Ron ei ah, 1992; Haley Wilctpx, and (^lia[> 
man, 1992). In addition, Endoli, Maiese, and Wagner (1994) Idund that a calcium- 
activated NO synlliase is found in several regions of the brain, including the rlentate 
g)Tns and Helds C’Al and of the hipjxjcampus. Finally, Zhang and Wong-Kiley 
(199b) found iliat most cells that contain NO synthase also contain NMDA rece[>tors. 
Although there is good evidence that NO is one of the signals the dendrilic spine uses 
to communicate with the terminal button, most investigators Ix-Ueve that there must 
he other signals as well. After all, alterations in svnapses require ei>ordinated clianges 
in hotli presynaptic and pnst.syna]>tic element.s. 

For several years after its discovery, researchers believed that long-term potenti¬ 
ation involved a single [process. Since then it has become 
dear that loiig-ierni [potentiation consists of several stages. 

loiig-iei’m jpoientiutlon—that is, long-term [po¬ 
tentiation that lasts more than a few hours—ret]uires [pro¬ 
tein synthesis. Frey and his colleagttes (Freyet ah, 1988; Frev 
and Mtprris, 1997) lound that tlriigs that bkicks protein 
syjithesis could block tlie establishment oflojigdasling Itnig- 
tenn potentiation in field tAl. It the rhug was adminis- 
tered be fore, during, or immediately after a prolonged 
burst of snmulaiioii was deliveretl, long-term potentiation 
oceiu red, but it disap[peared a lew hours later. I ltxwever, it 
tlie drug was administered one hour after the synapses liad 
been slimulaied, the long-term potentiation persisted. Ap- 
parejilly, the protein synihesisneeessai y lor establishing the 
later phase of long-lasting, long-term [Potentiaii<jn is ac¬ 
complished Avitliiii an liour of stimulation. 

Figure f 2.18 smmnarizes the biochemistry discussed in 
this subsection. I suspect that vou might feel overwiielmed 
by all the new terms I have introduced here, and f hope 
that the figure will help to clarily tlungs. The evidence we 
liave seen so far liulicates that the enti v of calcium ions 
through channels controlled by NMDA receptors activates 
(laM-KII, a calcium-dependent protein kinase. Activated 
OaM-KII travels tc) the postsynapiic density of dendritic 
sjpines, where it enal)les AM PA receptors, sent to tlie spities 
in %esiclcs, to bind with NMDA receptors, which themselves 
are anchored on strands of P.SDOfp, llie scattolding protein 
that bokls molecules in place in die p4>sisynaptic densitv. In 
addition, long-term pijtcnliation initiates rapid clianges in 
synaptic structure such as development oi‘ peridralefl 
synaptic density. (See Figiire 12.13.) The enirv of calcium 
also activates a calcium-ckqjendent NO svnihase, and tlie 
newly protlucecl NO then presiimablv diffuses out of tlie 
flendrilic spine, back to the terminal bn turn. I’ll ere, it mav 


Long-term potentiation. A summary of the chemkal reactions 
that appear to be triggered by the entry of an adequate 
amount of calcium into the dendritic spine. 
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Animation 12.4, Chem- 
istry of LTP, outlines the 
biochemical steps that 
appear to take place during long¬ 
term potentiation. 



Li’i^^er unknown cheniiail reactions that increase ihe release of ghnainaie. (See Fig¬ 
ure 12.13.) Finally> long-lasting long-term [>oteniiation requires the synthesis oi’nevv 
proteins, which may include cojiiponents of the cyioskeleton, protein kinases, and 
recepu>rs. {See Animatiim 12A^ Chemistry ofLTR) 

Long-Term Depression 

I mentioned earliei' that low-frequency stinuilation of the synaptic inputs to a cell can 
r/mm,vc rather than increase their stretigth* This plieiiomenon, known as long-term 
depression, also plays a role in learning. .Aiter all, even though the nuinber of 
synapses in the brain is very large, it is still fiiute, and animals can continue to learn 
tlnoughout their lives. I’hus, it seems unlikely that once a synapse is strengtliened, 
it must remain that wav forever. 

Stanton and Sejnowski (1989) demonstrated associative long-term depre.ssion in 
held (lAl. They hmnd that when a weak in])ni was paired wiili a strong input, k>ng- 
term putetitiaiian was pr<Kiuced. However, when the two inputs were stimulated at 
diiferent times, long-term depmstou produced. Other studies have shown that 
long-term depression is prtKhtced when synaptic iinputs are activated at the same 
liEiie that the posisynaptic membrane is eillier weakly depolari/ed or hyperpolai i/ed 
(Debanne, Gahwiler, and I’ht>mpson, 1994; Thiels et ah, 1996). 

As we saw; long-term potciuiaticni involves an increase in the number of AMPA 
receptors in the postsvnaptic membrane of dendritic spines, l.ong-ierm depression 
appears to invedve the ojjposiie: a deemtse in the number of AMPA receptors (Oar- 
roll et al,, 1999). And just as AxVtllA receptors are brought into dendritic spines by 
vesicles during long-term potentiation, they are taken away irom the spines in vesi¬ 
cles during long-term depression (Luscher el ah, 1999). 

Tims, at least at some syna[>ses the Hebb rule appears to work in both directions: 
Inpnts tliat are correlated wiili stiong inputs (or witli activation of the posisynaptic 
nciiron) are sLi eiigtliened, w hereas inputs llial are con elated w ith strong inputs 
(or correlated with noYiacthmlum of the posLsyiiapiic neuron) are weakened. This 
mechanism could concei%ahly allow for tlie reversal c>l‘previously established synap¬ 
tic clianges when the contingencies in the environmejit change. 


INTERIM SUMMARY 


' long-term depression (LTD) A 

long-term decrease in the ex¬ 
citability of a neuron to a particu’ 
iar synaptic input caused by 
Stimulation of the terminal button 
I while the postsynaptic membrane 
IS hyperpolarized or only slightly 
depolarized. 


Learning and Synaptic Ptasticity 

The Study of long-term potentration in the hippocampal formation has suggested a mechanism 
that might be responsible for at least some of the synaptic changes that occur during learn¬ 
ing, High-frequency stimulation of axons in the hippocampal formation strengthens synapses; 
it leads to an increase in the size of the EPSPs in the dendritic spines of the postsynaptic neu¬ 
rons, Associative long-term potentiation can also occur, in which weak synapses are strength¬ 
ened by the action of strong ones. In fact, the only requirement for long-term potentiation is 
that the postsynaptic membrane be depolarized at the same time that the synapses are active. 

In field CA1 and in the dentate gyrus, NMDA receptors play a special role in long-term 
potentiation. These receptors, sensitive to glutamate, control calcium channels but can open 
them only if the membrane Is already depolarized. Thus, the combination of membrane de¬ 
polarization (for example, from a dendritic spike produced by the activity of strong synapses) 
and activation of a NMDA receptor causes the entry of calcium ions. The increase in calcium 
activates several calcium-dependent enzymes, including CaM-KII. Inhibition of CaM-KII dis¬ 
rupts long-term potentiation; presumably, this enzyme causes the insertion of AMPA recep¬ 
tors into the membrane of the dendritic spine, increasing their sensitivity to glutamate 
released by the terminal button. This change is accompanied by structural alterations in the 
shape of the dendritic spine, including the appearance of synapse perforated by "fingers'" 
inserted into the terminal button, which may be the first step toward producing additional 












Perceptual Learnmg 


371 


synapses. Long-term potentiation may also involve presynaptic changes, through the acti¬ 
vation of NO synthase, an enzyme responsible for the production of nitric oxide. This solu¬ 
ble gas may diffuse into nearby terminal buttons where it facilitates the release of 
glutamate. Long-lasting, long-term potentiation requires protein synthesis, which appears 
to take place in the dendrite adjacent to the dendritic spines. 

Long-term depression occurs when a synapse is activated at the time that the postsy- 
naptic membrane is hyperpolarized or only slightly depolarized. 

THOUGHT QUESTION 

The brain is the most complex organ in the body, and it is also the most malleable. Every 
experience leaves at least a small trace, in the form of altered synapses. When we tell 
someone something or participate in an encounter that the other person will remember, 
we are (literally) changing connections In the person's brain. How many synapses change 
each day? What prevents individual memories from becoming confused? 


i 


Perceptual Learning 


LciU’iiin^ enables us lo adapt to t>ur environiiieiU and to respond in cliaii^es in it. 
In particular, il |jrnvides uswidt llie abiMiy in perinrni an apjjrojji iaie liebavinr in an 
a])prn])riaie sitiuuinn. Situatiniis can be as simple as the sound ni‘a bu//.ei'nr as com¬ 
plex as the social iuLeractioiis of a ^roup ()r[>et>ple. Tlie lust pan of learn iiipf involves 
learning in perceive. 

Perceptual learning involves learning rilmuf tilings, noi ivhfti in when thev are 
present, (Learning ^sllal to do is discussed in the .snbsec|neni sections of this clia]:net.) 
IVrceplnal learning can involve learning to recogiii/e entirely new siimiilh or it can 
involve leai niiig to recognize changes or variauems in familiar stimuli. Pnr example, if 
a friend gets a new hairstyle or replaces glasses wit fi coniaci lenses, our visual memorv 
of that person changes. We also learn that particular stimuli are i’omul in jjarticniar 
locatif>n.sor coniext.sor in the presence of (nher siimnlt. \\c can 
even learn and remember f)anicular c/;/w/c.s;se<[iiences i^feveiits 
taking j^lace at a pariicnlar time and place. The more complex 
forms of perceptual learning will be discussed in ifie last .section 
(Tllits chajjler, which is tlevoted io relational learning. 

In mammals wiih large and comjilex brains, objects are rec¬ 
ognized visually by circniis of neurons in ihe visual association 
cortex. /Vs we saw in Clhapter ti, tlie primary visual cortex l eceivcs 
information from llte lateral genicttlate nucleus of the thalamus. 

W'ithin the pi imary visual cortex iiKhvidital modules of’neurons 
analyze infbimiation from restricted regions of the visual scene 
that pertain to inovemenl. orientation, color, binocular disparitv, 
and spatial frequency. Inrormanon about each ofdhe.se aitributes 
is collected in subregions of the extrastriale cortex, which sur¬ 
rounds the primary visual cortex (striate cortex). Tor example, 

.specific regiems are devoted to ifie analysis oi loi rii, color, and 
movement. After analyzing particular atnibntes of ilie visual 
scene, the subregions of ihe extrastriale ctn tex send ibe results 
of their analysis to the next level of the visual association coi rex. 

As we saw in (iiajjler b, the second level of the visual associaiion 
cortex is dividefl into two "streams." iiie vmtmf s/mim. winch is 
involved with object recognitioji, begins in the extrastriale cortex 
aufi continues venn ally into the inferit>r temporal cortex. Tlie 
/Intsrt/ strmm, which is involved witlt perception of the location 
ol>jects, also begins in tlie c^xtrasu iaie coilex of the occipital lobe, 
bill it c'ontinnes dorsal I y into the posterior parietal cortex. As 


Pr 


► 




Learning to reorganize another person's face is an 
important form of perceptual learning. 
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Figure 12.14 

The major divisions of the visual cortex of the rhesus monkey. The 
arrows indicate the primary direction of the flow of information 
in the dorsal and ventral streams. 
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Figure 12.15 

Evidence of retrieval of visual memories of movement. The bars 
represent the level of activation, measured by fMRI, of MT/MST, 
regions of the visual association cortex that respond to 
movement. Subjects looked at photographs of static scenes or 
scenes that implied motion similar to the ones shown here. 



implied motion No implied At rest 

motion 


Adapted from Kourtzi, A., and Kanwisher^ N. Journal of Cognitive 
Neufoscier^ce, 2000, 12, 48-55. 


some investigators have saklt ventral stream is involverl 
with the wha/ td visual perception; the clorsai stream is in- 
\-olvefl vvitfi the tvhne. (See Figure 12.14,) 

Damage to llic visual association cortex impairs pe(>- 
ple's ability to [jci ceive (and tints, to learn to recognize) 
particular kinds of visual inlt^rmation. ,\.s we saw in (dia[>- 
ter 6. [jcople with damage to the inlet i<ir leinprnal cortex 
may have excellent vision hut be unable to rec<>gni/e ia- 
mtliai; everyday objects such as scissors, clothespins, or 
light l>nlhs—and laces of ft tends and relatives. 

Presumablv, learning to rerogth/e a particular visual 
stimnhis is accoinpltshed by changes in synaptic connec¬ 
tions in die inferior temporal cortex that establish new 
neural circuits—changes such as llie ones dt'sci ihed in 
the prev ious seciton of this clia[>ter At a iau‘r time, when 
the animal sees the same stimulus again atid the same pat¬ 
tern of activity is ti ansiniited to tlie inlerior temporal coi - 
tex, these circuits becotne active again. Fliis activity 
constitutes the recognition of the .stimulus—^the reationt 
of liie visttal memory, so U\ speak. 

As we sitw iji ('hapter tb some netii^oits in the inferior 
temporal cortex show remarkable spec ill city in their re- 
s[Mmse eharacierisiics, wliich suggests that they are pan of 
circuits iltal detect the presence of specific stimuli. For 
example, itetirons located near tfte superior temporal sul¬ 
cus become active wlien an animal is shewn picttires of 
faces. Bavlis, Rolls, and l.et>nard ( D1H.^>) Ibund t[)at most 
o f 1 1 1 e se n e 11 ro n s a t e se n s i i i ve I < j pa rt }ru h r lac e s. 

Let's look at some evidence from studies with htimaits 
that suppt>rts the eoncliision iliat activation of neural cir¬ 
cuits in sensory association cortex eonstiuites the *Veadoni” 
of a peiT'e[)lual memory. Many years ago, r^enbeld and 
Perot (l9b,H) diseovereci that when iliev stinnikued the vf 
siial and auditory association cortex as patients weie un¬ 
dergoing sei/iiie surgery, the patients reportt'd inemones 
ol inniges or sounds—for exam]>le, images oi' a familiar 
street or ilie sound o( the patient's motlier’s voice. (Seizure 
surgery is usually jX't lormed un<ler a local anesthetic so that 
the surgeotis can talk with the patients and lest die effects 
of f)rain stimulation on the patients' cognitive functions.) 

Konrtzi and K;inwisher {200(V) found that sjiecinc 
kinds of visual infornialion can activate very s[>ecinc re¬ 
gions ol visual association concx. As we saw in (dia[>ier G, 
two adjacent regions of the visual association cortex, M l' 
and MST, j>Iay an essential role in perception of move¬ 
ment. Konrt/i and Kan wisher jjiesented sLil>jecis with 
]jhoiogi a[>lis that implied motion—for example, an ath¬ 
lete gelling ready to llirow a hall. They Found that plio- 
lographs like these, but not [^holographs ol jx'ople 
remaining still, activated area MT/MST Obviously, die 
photograpirs did m)l move, hut presumablv the subjects' 
memories contained inftu’mation about movements thev 
liad previously seen. (See figt4re /2./5,) 

Mosctjvitch ei al. (1995) founrl that the recall of per¬ 
ceptual memories of‘ the identities and locations of ob¬ 
jects in ilie human brain involve activity in the ventral and 







Classot Conditioning ^ 


Figure 12.16 

The resufts of PET scans taken while people were performing an object memory retrieval task or 
spatial memory retrieval task. 



From Moscovitch, M., Kapur, S., Koehter, S., and Houle, S. Proceedings of the National Acddemy of Sciences, 
1995, 92, 3721-372 S. Copyright 1995 National Academy of Sciences, U S A, 


clnrsal sircanis, respectively. Tliese iiivt^sii^ators measured die activih t>( the human 
liraiii during die recall n[ die ideudty and Incadon visual stimuli they liad [irevi- 
ously seeii~in other words, the reirieval orpercepiual memories orohjecisaud tlieir 
loc ations. Both tasks produced aciivity in the visual association cortex ol die occi[)U 
tak lemporah and parietal lobes, as well as a region ofthe rroiital cortex. (See Figure 
I2J6a,) The two scans un the riglit show die difTerences between the two scans on 
the left. As you can see* tile objeci-EUemory retrieval task activated the ventral stream 
in the iiderior tem[>oral cortex, while the spaLial-uiemoi y retrieval task activated I lie 
dorsal stream in the [losierior parietal cortex, (See Figure 12,16b.) 


INTERIM SUMMARY 


Perceptual Learning 

Perceptual learning occurs as a result of changes in synaptic connections within the sensory 
association cortex. Information about the form of visual stimuli is analyzed in the ventral 
stream ofthe visual association cortex, and information about the location of visual stimuli 
is analyzed in the dorsal stream. Electrical recording studies have shown that some neurons 
in the monkey visual association cortex respond preferentially to particular complex stimuli, 
including faces. Functional imaging studies with humans have shown that retrieval of mem¬ 
ories of pictures, movements, or spatial locations activate the appropriate regions of the vi¬ 
sual association cortex. 

THOUGHT QUESTION 

How many perceptual memories does your brain hold? How many images, sounds, and 
odors can you recognize, and how many objects and surfaces can you recognize by touch? 
Is there any way we could estimate these quantities? 


i 


Classical Conditioning 


Nourcisciciuists have siudicd ihe aiuit<nny and phy.siolog\' t>f classical condition¬ 
ing using many inodcds* such as the gill willidiawal rcBex in Afflystn (a marine inver¬ 
tebrate) and tile eyebliiik rellex in the rabbit {T.arew* Lavemd, Kim, and 

Thonijison* 1993). I I lave chosen u> describe a sitiiple mammalian model of classical 
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Figure 12.17 


The probable location of the changes in synaptic strength 
produced by the classically conditioned emotional response that 
results from pairing a tone with a foot shock. 

Emotional response 



Figure 12.18 


Change in rate of firing of neurons in the lateral amygdala in 
response to the lone, relative to baseline levels. 



Adapted from Quirk, G. J,, Repa, J, C., and LeDou^, J E Neuron, 1995, 
IS, 1029-1039 


conclilitHiiiig—llic ctnulitioiicd omciiionid response—to illustrale tlie results of such 
Uivesii^ations. 

riie aiuygclala plays an impurtaut mlv in ori^ani/iu^ a palteru of emotional re¬ 
sponses iliai are provokerl [>y aversive stiiinili, both learned and iinlearuerlH As we saw 
in ('ha[}ter 10, wTien the central nucleus of the amygdala is activated, its efieient cr>n- 
ni'ciions with olher regions of the [Train trigger .several beliavicTrah auloiiomic. and 
endocrine responses that ai e elicited by aversive sunutli. Most siimnli that cause ati 
aversive eiiiotitTual res]>onse are not intrinsically aversive^; we liave to (rarn to [ear 
them. Tlie amygdala is ])arl of an imporiani svslem invf>lved in a particular form of 
stininhis^response {S-R} learning: classicallv concliuoned emotional responses. 

A conditioned emotional response can t>ccnr in the absence of the andilorv cor¬ 
tex (LeDoiix ei aL> 19S4): therefore. I will confine my cliscus.sit>n to tire stilxtjriical 
components of this pi ocess. Infor niation ahtnii ilieCiS (the tone) readies the lateral 
luidetis cjf the atnygdala. This nucleus also ^ecei^es information about the US (the 

fbot shock) irorn the soinattTsrnsorv system, rivus. these 
iw-ii sources of iidbrniation cotiverge in the lateral nu¬ 
de ns. wliicli means that svnaptic changes responsible I’or 
learning cotild lake place in tins location. 

A hypothetical neural circnil issliown in Figure 12.17. 
File lateral nucleus of the amygdala contains p)ramidal 
cells who.se axons pr(>jeci to ihecenirai inideus. Terminal 
huiions fnim neurons that iransmii auditorv and so¬ 
ma toseiisory information to the lateral nucleus idrm 
synapses with dendritic spines on these pyramidal cells. 
When a l at encounters a [lainfiil stitmihis. strong synapses 
in tile lateral nucleus are activated: as a result, the pyra¬ 
midal cells in iliis nucleus begin firing, wliidi activates 
neurons iji ilie central niideus. evoking an unlearned 
(unconditional) emolional response. U a Lone is paired 
with the paininl stimulus, tfie weak svnapses in the lateral 
amygdala are si lengthened through the action of the 
H t' bb r‘ 111 e. (.Sec Fif^tre / 2.7 7.) 

riiis hypothesis has a considerable amount of sup- 
pfTil. Lesions of the lateral or central nucleus ofdbe amvg- 
tlala (fnit not utliei regions of the amygdala) disrupt 
conditioned emolional res[ionses that involve a simjjle au¬ 
ditory siimuliis as a US and a sh<K'k kj the feel as a US 
(Kiipp et al.. 1979; Nader et ak. 2901). Thus, the svnaplic 
changes responsible for this learning may take place 
within this circuit. 

\Mlensky. Scliale. and LeDonx (1999) lemporarilv in¬ 
activated the lateral amygdala by infusing muscimol, a 
drug that aclivaies inhibiiorv (iABA rece[>tors. and hence 
sLipjjresses neural firing. They found tliat if the lateral 
amygdala was inactivated during training, when the US 
and US pairing were taking ])lace, ilie animals did not ac¬ 
quire a conditionefl emotional resp<jnse. 

Quirk. Repa, and LeHoux (1995) found evidenee for 
synajatc changes in the lateral nucleus of the amygdala, 
I'hey recorded the activity t>f neurons in this nucleus in 
freely moving rats before, during, and after pairing of‘ a 
Lone willi a foot shock, Willi in a few trials die neurons be¬ 
came more responsive to the tone, and many neurons 
that liad not [Treviouslv j’esjioiuled to the lone began do¬ 
ing so, (See Figure 12J8.) Maren {2000) confirmed tfiese 
results and also i’onnd that the magintude of’ the in- 











Instrumental Conditioning 


creased firiiijr rale iti neurons in ihe lateral iiiicleiis correlated with the niagiiitude 
of the conditioned emotional response. 

riie evidence tVom several siirdies supports the hypothesis that the changes in 
tlte lateral amvgdaia responsible for acquisition of a conditioned emotional response 
involve long-term pt>temiatit)n. Experiments have shown that lojig-term potentia¬ 
tion can lake place in the synaptic connections in the lateral miclens <>[ the amyg' 
ciala. Jn fact* Rogaii and LeDunx (1995) lotiiid that when long-term poleniiation was 
pi otiuced in the lateral nnclens of the amygdala, neurons there became more re¬ 
sponsive to auditory stimuli. 

.As we saw, long-term poteiUiati<»n in at least some [xirts of the brain is accom¬ 
plished through the activation of NMDA receploi s. Several experiments suggest that 
these receptors also ]>anicipate in the svnaptic plasticitv^ that occurs in the amygdala. 
Wlien AP5 is injected directly into the hasolateral amvgdaia, rats no longer learned a 
coiidilioEied emotional response, Howevei; ilhhe is in jected afln \\ classically con¬ 
ditioned emotional response has been established, the drug had no effect ((^ampeau, 
Miserendino, and Davis, 19912; Fanselowand Kim, 1994), Thus, it seems that AF5 can 
disrupt the establishmem of learning by blocking synaptic plasticity in the bascilateral 
amygdala* but the drug does not affect syttaptic changes that \ va\v already taken place. 


INTERIM SUMMARY 


Classical Conditioning 

You have already encountered the conditioned emotional response in Chapter 10, When an 
auditory stimulus (CS) is paired with a foot shock (US), the two types of information converge 
in the lateral nucleus of the amygdala. This nucleus is connected to the central nucleus, 
which is responsible for activating the various components of the emotional response. Le¬ 
sions anywhere in this circuit disrupt the response. 

Recordings of single neurons in the lateral nucleus of the amygdala indicate that clas¬ 
sical conditioning changes the response of neurons to the CS, The mechanism of synaptic 
plasticity in this system appears to be NMDA-mediated long-term potentiation. Long-term 
potentiation can be established in the lateral amygdala, which increases the responses of 
neurons there to auditory stimuli. In addition, the infusion of an NMDA receptor blocker into 
the lateral amygdala prevents classical conditioning from taking place but has no effect on 
conditioning that was established earlier. 


i 


Instrumental Conditioning 


InstrumenUtl (opemn!) conditioning is the means by wliicb we (and other animals) 
profit from experience. If, in a particular simation, we make a response that has fa¬ 
vorable outcomes, we will tend to make the response again. Sometimes the response 
is one that we already know how to perform, which means that all that needs to oc¬ 
cur is a strengthening of connections between neural cireniLs that detect the relevant 
stimuli and those that control the relevant response. I lcwvever, iftlie response is one 
ihat w e have not made before^ our performance is likely to be slow and awkw-ard. A.s 
we continue to piaclice the response, our behavior becomes faster, smoother, and 
more automatic. In other words, motor learning takes place as well. This section first 
describes the neural pathw^ays involved in instrumental conditioning and then dis¬ 
cusses the neural basis of reinforcement. 


Role of the Basal Ganglia 

As we saw' earlier in this cliapter, instrumental conditioning en tails the strengthening 
of connections behveen neural circuits that detect a particular stimulus and neural 
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cirniits iliat produce a paiiicular response* (-learl\\ ilie circuiis lespousihlf Ibr in- 
stniiiiental ct>nditiunin^ hc^’m m various re^dons ofilie sensory association coriex, 
wlK'rc perception takes place, anrl end in llie tnoior association c<)rLex ofUie frontal 
lobe, wliicli controls tnovernenis* But wiiai [laihways are respojisihle for these con- 
nectitnis, and wltere do ihe synaptic changes responsible for the learning take place? 

I here are two major f>allnvays between the sensory association cortex aiui the 
motor association cortex: direci transcortical connections and coiineclions via the 
[jasal ganglia and tlialainns. (A third pathway, involving the cerebellum and thala¬ 
mus, also exists, l>nt tl^e ixile f>f this pailiway in instrtnneiital eonditioning has tnnil 
very recently received little attention from iienioscienlists.) Both <»fdliese patfuvavs 
ajipear to be involved in ijistrtmiental conditioning, but they play different roles. 

I [te diiect connections between the sensory association cortex and the Jiiotor as¬ 
st aiat ion coi tex are, as we saw earlier, involved in short-term memory. In Ci)njunction 
will] llie hippocampal foi ination they are also involved in the acrpiisition of episodic 
memories—c'omjjlex perccpiiial memories of sequences of events that we witness t>r 
are described to ns* (The acquisition of these ivpes of inemones is discussed in the 
Iasi section td ihis cliapier,) The iranscxmical connections are also invedved in the ac¬ 
quisition of complex behaviors tfiat involve deliberation or inslriietion. For example, 
a person learning ti> drive a car with a manual transmission might say, "Let's see, pnsli 
ill die clinch, nujve the sliiit lever to the leli and then avvav from me~there, it's in 
gear—now let the clmch come up—oh! It died—I should liavc given it more gas. 
Ian's see, clutch down, turn the key . . . A memoiized set ofA tiles (or an instructor 
silting next to ns) pru\ides a script for us lo follow. Of course, tins process does not 
have to he audible or even involve actual movemcmis of the speech musc les: a person 
can il)ink in words with neural activity that does imi result in oven behavior, (Animals 
iliat cannot comiiiunicate by means of language can acqtiire coni])lex responses by 
observing and imitating the behavior of enher animals.) 

.\l first, performing a behavior tliroiigli observation or by follow ing a set of lailes 
is slow and awkward. And because so much ol the brain's resources are involved w'iili 
recalling the rules and applying them to onr behavior, we cannot respond lo other 
slinuih in ihe en\'ironmeiu—-we must ignore events that might distract us. But then, 
with practice, the behavior becomes much more fluid. Kvemiially, we perform it 
without thin king and can easily do other tilings at the .same lime, such as carrying 
on a conversatit>n with passengers as we drive onr car. 

Evidence suggests that as learned behaviors become aniomalic and routine, thev 
are "transferred" to the basal gatiglia. The process seems to work like ihi.s. As we de¬ 
liberately pei’form a complex behavior, the basal ganglia receive information about 



When we are first teaming a complex skill such as driving a tar, we must give it 
our full attention. Eventually, we can drive without thinking much about it and 
can easily carry on a conversation with passengers at the same time. 









iIk- stinuili that arc present aiul the responses we are making. At first the basal gan¬ 
glia are passive A>bservers'' ol’ ilie sitnahoin bin as tfie fielun iors are repeated again 
and again, the basal ganglia l)egtn to learn what to do. Kventnally, tlie) take over 
iiiosi oidhe details of tlie pri)eess, leaving die transcortical cii c uits free to do soine- 
ihing else. We need no lotiger think allot it what we are doing. 

The basal ganglia receive setisory iiifbi’niaiion from all regions ofilie cerebral 
cortex. Thev also receive in formal ion from the frontal lobes alxun movenitans that 
are planned or are acinaliv in progress. {So as von can see. the basal ganglia have all 
the ini'onnaiion they need to monitor ihe progj'ess <jf someone learning to drive a 
car.) fhe oinpnis of the basal ganglia are sent to tlie honial cortex—to die pjemo- 
tor and .supplememary motor cortex, wliere plans lor niovemenis arc made, and to 
the primary mt>tor cortex, where drey are executed. 

Now let's review some evidence that sitpports the assertion dial die basal ganglia 
are itivolvcd in learning. Studies with laboratory animals have Ibtinrl that lesions of 
the basal ganglia disrupt insiruniental conditioning but do not affect other lorins of 
learning. For exatnple, Fernandcv-Ritiz et al. (2(KH) destroyed ilie p<irtions ofilie 
caudate nucleus and pittanien lliai receive visual inlbrmatioti from the ventral 
stream <if the visual association cortex. They fbtmd that aldiough the lesions did not 
disrupt visual perceptual learning, the monkey.s' ability uj learn to make a visually 
gttided operant response was impaired. 

As we saw' in the previous .section, long-lei in polentiaiion appears to j^lav a crin 
ical role in classical conditioning. This form of neural plasticit\’ appears to he in¬ 
volved ill insti iiiiieiital conditioning, as well. Packard andTeaiher (1097) found that 
blocking NMDA receptors in the basal ganglia with an injection ofWP5 disru[}ted 
learning gnidetl by a simple visual cut*. 

Studies with liuinans alsti indicate that the basal ganglia plav an important role in 
automatic, nondeliberare learning. Investigators have studied people with l^irkinson's 
disease, a neurological disoi der that af fexts the basal ganglia. 1 be sympioiiis oi’Pai kin- 
son’s disease have been de.scribed as '‘motor deficits.*' However, some of them can be 
seen as lailures of automated memories. Foi‘ example, although people whli Parkin¬ 
son’s disease usually have sufficient musctdar sirengtli, tliey have difficulu^ performing 
many everyday ta.sks, sucli as getting out of a cliair. .\lso, il someone Iniinps into tlieni 
while they are sianding, tliey are likely to fall—and diey w ill not pui their hands cun in 
iroiil of tlieiii to catch themselves. These svniptonis can, of course, he viewed as motor 
deficits. Bill wv can also regard them as failure to remember how' to du something. We 
do not think ofbising from a chair as a learned behavior, bin it surely iiiusi be. It in- 
vtilves leaning forward uj bring our center (>f gra^ ily over our feet befoie beginning to 
contract the extensor muscles oiOur legs. Utiless tlie disease is well a(banced, people 
with Parkinson’s disease can eventually stand up from a chair, but it takes them some 
lime, as iftliey have to think al>oui how Ui do it. Similarly, we do not think of‘[mtiing 
our haufls out in front ofTis to bieak a fall as a learned response, hut ]K‘rha[>s it is. 

Several expenments have showai that pef>f>le with diseases of ifie basal ganglia 
have deficits that can deflnilelv be attributed to difficukv in learning automatic re- 
spouses. For example. Ow'en et al. (1092) found tfiat patients wiili Parkinson’s dis¬ 
ease wei e impaired on learning a visually cued Instrumental conditioning task. The 
patients performed normally on a lest (>f visual recognition, wiiicli indicates that 
their im];)airment was not caused by a ]>erce[)iual cleflciL. Williiighani and Koroshetz 
(!09,-5) found that patients with Huntington’s disease (a degenerative disease of the 
l>asal ganglia) failed to leant a secjuence of button presses. 

Reinforcement 


Learning pro\ idesa means for ns to profit from expei ieiice—to make resfjonses that 
provide lavorahle outcomes. When good tilings hapjDen (that is, wlien reinforcing 
stimuli occur), reinforcement mechaiusins in the brain become active, and the es- 
lahlishiueiit fd synaptic clianges is facilitated. 
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medial forebrain bundle {MFB) 

A fiber bundle that runs in a 
rostral-caudal direction through 
the basal forebram and lateral hy¬ 
pothalamus; eJectncal stimulation 
of these axons is reinforcing. 

ventral tegmental area (VTA) A 

group of dopaminergic neurons In 
the ventral midbrain vyhose axons 
form the mesolimbic and meso- 
cortical systems; plays a critical 
role in reinforcement. 

nucleus accumbens A nucleus of 
the basal forebrain near the sep¬ 
tum; receives dopamine-secreting 
terminal buttons from neurons of 
the ventral tegmental area and is 
thought to be involved in rein¬ 
forcement and attention. 


Neural Circuits Involved in Reinforcement 

Ekclncal sLinuilation nfmany purls of iho l^rain is reinforcing (Okis and Fohes, 
1981). The best and inosi reliable location is the medial forebrain bundle (MFB), a 
bundle of axons that travel in a rosti al-candal axis from the midbrain t(i the rostral 
f>asal forebrain. The MFB passes tlirough die laieial liyputlialainus, and it is in this 
region that most investigators place the lips of their electrodes. 

Although there may well he mure than one rein force jnent mechanism, the ac¬ 
tivity ol dopaminergic neurons plays a panicularly important rule in tit is phenoine- 
[lun. As we saw in (;ha]:)ler 4, there aie three major systems of dopaminergic 
neurons: the I system, llie mesolimhif and the mewaitiical sysietfL Tlie 

incsoiimhic system begins in the ventral tegmental area (VTA) of the midbrain and 
pr(>jects rosirally to several forebrain regions, including the ainvgdala, the hip¬ 
pocampus, and the nucleus accumbens (NAC). I his nueleus is k^caied in the basal 
forebrain rostral to the preoptic area and iinmediatclv adjacent to die septunn (In 
fact, the full name of this region is the nudms wfjfi, or ‘hiueleus leaning 

against the septum,’’) (See Figure 12,19.} The mesoctntical system also plays a role 
in reinforcement. T his system also begins in the ventral tegmental area but prujeets 
to the prefrontal corte.K* the limbic cortex, atid the hippocampus. 

A large body of experimental evidence indicates that tlie pRijeetions of the 
mesolimbic padnvay that terminate in the nucleus acciimbcns arc at least partly re- 
sponsible for the reinforcing elTects of eleeii ical brain stimidaiion. These neurons 
also play an important role iti the reinforcing effects of amphetamine, cocaine, and 
other addictive drugs, ('fliis role is discus.sed in more detail in Chapter 16.) Treat¬ 
ments that .stimulate dopamine receptors in the nucleus accumbens will l einfoi ce be¬ 
haviors; thu.s, animals will press a lever that causes electrical stlnuilation of tlie ventral 
tegmental area, the medial forebrain bundle, or the nucleus accuinbens itself (Rout- 
tenberg and Malsbury, 1969; Crow, 1972; Olds and Fobes, 1981). They will also press 


Figure 12.19 

Sections through a rat brain showing the location of the ventral tegmental area and the nudeus 
accumbens. 
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Adapted from Swanson, L. W Brain Maps: STructvre of the Rat Brain New York; Elsevier, 1992 
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Figure 12.20 

The experiment by Stellar, Kelley, and Corbett (1983). Blocking dopamine receptors in the 
nucleus accumbens reduces the reinforcing effects of electrical stimulation of the medial 
forebrain bundle. 
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decreases effects of 
reinforcing brain 
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Nucleus accumbens 


Figure 12.21 


u lever iliat delivers iiijecLions of verv small amounts of dopamine or am[>heiamiiie 
flirenly into the miclens accumbens (Hoebel et al.. 1983: Guerin et al.. 1984). And if 
a ch ug that blocks rltypamiue iecept<jrs is injected directly inio ibe nucleus accum¬ 
bens. then electrical siiEtiulaiion ol ibe inesoliuibic patlnvay becomes less reinforcing 
(Stellar, Kelley, and On beU, 1983). (See FigittT 12.20.) 

Ghapier 5 described a research techni(]ue called mirro- 
fliafystSf which enables an investigator to analyze tbe contents 
of the interstitial fluid within a specif ic region of the hi aiii. Re- 
searcbers using this method have shoyvn iliai rcinlorcing elec¬ 
trical siimulatirm ol the medial fVjri'brain bundle or the 
ventral tegmental area, or the adtninisiraiitJii of cocaiiK' or 
am]:)hetamiiu% causes tbe iviease of dopamine in the nneleiis 
accumbens (Moghaddain and Bunney, 1989; Nakaliaiaet al., 

1989; rhilli[xs el al., 1992). (See Ftgitre 12.21.) Microdialysis 
studies have also found that the presenct' of natural rcan- 
foreeis. such as water, food, or a sex partner, stimulates the re¬ 
lease of dopamine in the inirlens accumbens. 4'bus, ilu' 
effects of reinforcing brain stimulation seem to be similar in 
manvwavs tt> those t>f naiuial reinldrcers. 

j f 

Ahbougli microdialysis probes are not jjlaeed in the l>rain 
of htimans lor experimental jjurposes, fnnetiimal imaging 
studies have shown that l einfbi cingcwntsaeiiy ate the human 
nueleus aecuinheiis. For example, Knutson et ah (2991) 
found that the nucleusaceumhens beeame mote active (and, 
presumabiy, flopamine was being released there) when peo- 
[)le were presented with stimuli that indicated that dieyyvtnild 
be receiving money. Aliaron et al. (2091) found that voung 
heterosexual men tvould pi ess a lever that pi eseiued [jieiuies 
of l>eaniifnl yvomen (bin not liandsome men) and that when 
they saw these pictures, the activity of the tmcleus accumbens 
increased. 


Release of dopamine in the nucleus accumbens, measured 
by microdialysis, produced when a rat pressed a lever that 
delivered electrical stimulation to the ventral tegmental area. 



Time (min) 


Adapted from Phillips. A, G„ Coury, A . Fionno. D.. LePiane. F G., 
Brown, E . and Fibiger. H C Annals of the New York Academy of 
Sciences. 1992, 654, 199-206. 
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Functions of the Reinforcement System 

VVliai flofs rfiiiforcin^ brain siinniUuion icll ns about the brain rnecliauisins that 
are involved in insli uinental eonflilitJiiin^? Alinosi all investi^atoi s believe llial elee- 
iriral stinnilaiiou some paiTs ol ihe laaiii is reinibrcinjj; because it activates the 
same svsiems tlial are aeiivafed l>v natural i eiuloj cers. such as food, water, or sexual 
contact. A reinrorceineni syslein nnisi perform two 1 unctions: detect the presence 
of a reinlbrrin^ stimulus (that is, recogui/e that sometliing good lias just liappened) 
and strenglheu live conneciions between the neun)ns that delect the disci iininative 
stimulus (such as the sight of a lever) and the ncur<ms t hat prodtice the instrnnietv 
tal resp<insc (a lever press). 

Reinroreemeni occins when neural circuits delect a reiidorcii^g stimulus and 
cause the activation oi cltjj^annnergie ueurons in the venti al tegmental area, DeteC’ 
lion of a reinforcing siinuiliis is !iot a sinifvle matter; a siimultis that serves as a rein- 
forcer on one t>ccasion may fail to do so on another. Fi>r example, the [vresence of 
foofl will reinf m ce the behavior of a luingry animal Ivui not that of one that has jnsl 
eaten. Thus, the reinibrcenieru system is not automatically activated when particu¬ 
lar stimuli are present: its activatit>n also depends on the state tvf the animal. 

In general, il a stimnliis causes the animal uj engage in an appetilive behavior 
(llnil is, if it approaches the stimulus rather than runs away from it), tliat stimulus 
eau reiidbrce the aniinahs behavior. When that stimulus oceiirs, it activates the 
brain's reinforcement mechanism, and the link between the discriminative stiiiiulus 
and the iiisirumeiUal response is sireiigthencd. 

What neural cinruiis are l esponsible for detecting (be presence of a reinforcing 
sliiriulus (primary or conclltit>neti) and then activating dopaminergic neurons in 
this region? The ventral tegmental area receives inputs frcnn many regions of the 
brain. Although we still know very little about how reinl’oreing stimuli are delected, 
the three inputs dial probably [viay the most important role in leiidbi cement are the 
amygdala, the lateral (lypoihalanins, and the jvrefrontal cortex. 

.Vs we savv in (lui[>ter 10 and again in this chapter, the amygdala is involv ed in clas^ 
sically Cfjndilionetl emotional responses. Several studies suggest that it isalsf) involved 
in reinforcement. For example, desti uetion f>l the amygdala or its disetnincction from 
the visual system has no effect on monkevs' ahilitv to recognize particular visual stiin- 
tili by sight, hut it does disi upt their ability to remember which of them has been 
paired wiili fot)d (Spiegler and Mishkin, MKSl; tiafian, Ckdfan, and Haj i Lson, 1988). 
In addition, (lador, R()bl)ins, and Everiti (1989) aiul Everitl, ("ador, and R<)bbins 
(1989) found that neuivvtoxic lesions of the basolaieral amygdala reduced the l ein- 
forcing value of stimuli that had been paiivd with natural rein forcers: water (in ihirsly 
rats) and sexual contact. I'he experimenters [>aired the reinibreing stimuli with a 
flashing light and IVnind that later, the animals would ]>ressa kwer that turned on the 
flashing iiglii. Thus, ilie flashing light had become a conditioned reiiiforcer. The le¬ 
sions of the amygflala severely depressed ibe aniiiiais' rate of resp<iiidiiig foi the flash¬ 
ing ligln wiilioni otherwise afieciitig their motor performance. 

The inputs to (be ventral tegmental area Irotn the lateral hypoihalamns mavalstj 
[)lay a rt>ie iti llie deieclit)n td reinfbj’cing stimuli. For example, Burton, Rolls, and 
Mora (1976) studied die response characiei isiics of single nenrons in the lateral liv- 
pothalamus and subsianda innominaia (a nearby regicni in the basal forebrain)- 
They found that soiih' neurons located there responded to either the sigin or taste 
of food, but they did so unly If ihe aiiiwal rvas /n/j/gvy. Perhaps the conneciions l>e- 
Lween the neurons like these aiul neurons in the ventral tegmental area eonvey in¬ 
formation about the presence of reinkneing stimuli. 

The pretroiUal cortex also provides an iniportaiU input U) the ventral tegmen¬ 
tal area. T he terniinal buttons of the axt>ns connecting tliese two areas secrete glu¬ 
tamate, an excitatory neuroiransmiller, ami die aciivity of these synapses makes 
do[)amiiiergic nenrons in die ventral tegmental area fire in a bursting pattern, wliich 
gieally increases ilie amount of dopamine they secrete in the nucleus accumbens 


(Cian;int> and tiix)vt‘s, 1988). rht' preironial tortt'x is fftMierally involvt'd in devisinjr 
sn alt'gies, making plans, cvalnaiing piogi ess tnafle ttmai’d goals, judging ilio ap- 
prtapriatt'iiess (>('one's own beiiavioi; and so on (Mesulatn, 198d). IVrliajis i\w pre- 
fronlal cortex turns on the reinfV>rceinent nieclianisin when it deicnnitu's tliat tlie 
ongoing beliavior is bringing die organism nearer to its goals—lliat tlie present stral- 
eg\' is w'orking. 


INTERIM SUMMARY 


Instrumental Conditioning 

Instrumental conditioning entails the strengthening of connections between neural circuits 
that detect stimuli and neural circuits that produce responses. One of the locations of these 
changes appears to be the basal ganglia, especially the changes responsible for learning of 
automated and routine behaviors. The basal ganglia receive sensory information and infor¬ 
mation about plans for movement from the neocortex. Damage to the basal ganglia disrupts 
instrumental conditioning in laboratory animalSn and Parkinson's disease disrupts automatic 
motor responses {as opposed to deliberate ones) and even impairs learning of instrumental 
conditioning tasks. 

Although several neurotransmitters may play a role in reinforcement, one is particularly 
important: dopamine. The cell bodies of the most important system of dopaminergic neu¬ 
rons are located in the ventral tegmental area, and their axons project to the nucleus ac- 
cumbens, prefrontal cortex, and amygdala. Stimulation of the ventral tegmental area, 
nucleus accumbens, or the medial forebrain bundle, which unites these two structures, has 
reinforcing effects. 

Infusions of dopamine agonists directly into the nucleus accumbens will reinforce an an¬ 
imal's behavior. Both laboratory animals and humans will self-administer dopamine agonists 
such as amphetamine or cocaine; laboratory animals will press a lever to have amphetamine 
injected directly into the nucleus accumbens. Microdialysis studies have also shown that nat¬ 
ural and artificial reinforcers stimulate the release of dopamine in the nucleus accumbens. 
The system of neurons that detect reinforcing stimuli and activate the dopaminergic neurons 
in the mesolimbic and mesocortical systems probably involves the amygdala, lateral hypo¬ 
thalamus, and prefrontal cortex; these neurons fire in response to various categories of stim¬ 
uli that are capable of reinforcing an animal's behavior. Damage to the amygdala disrupts 
conditioned reinforcement. The frontal cortex may play a role In reinforcement that occurs 
when our own behavior brings us nearer to a goal. 

THOUGHT QUESTION 

Have you ever been working hard on a problem and suddenly thought of a possible so¬ 
lution? Did the thought make you feel excited and happy? What would we find if we had 
a microdialysis probe in your nucleus accumbens? 


i 


Relational Learning 


Sn far,! have discussed relativelv simple forms oflearning, whicli can be understood 
as rlianges in circuits of neurons iliat rletect the jjreseuce of pariicnlar sLimnli or as 
strenglliened couneciioiis between neurons dial analyze seusorv inibrmation and 
iho.se that produce responses. E^ul most forms of Icarjiing are more complex; most 
memories of real objects and events are related \o odier mennxies. Seeing a pfioto 
graph of an r)ld fi’iend may remind you of the sound of tlie [)ersoirs name and of 
the movements yon have to make to pronounce il. Von may also be teminded oi‘ 
things yon have done with your fVienrl: places yon have visited* conversations you 
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have liad, experif you iia\e sliarcch Fac li t>rihese meiiH>nes cat) nniiali) a series 
of evetils, et>nipknc will) siglus atid sounds, dial yon will be able to recall in tl)e 
projjcr sef|iience. OlivionsK; die neural circuits in the visual associauon cortex that 
reeoj^ni/e your fi iend*s lace are connected to circuits in many other pai ls ol die 
brain, and these circuits are connecied to many others. This chajJler discusses rv- 
search (ni relational learning, which includes die esial)lishnient and reirieval ol 
tneiiKiries ol events and episodes. 


Figure 12.22 


A schematic definition of retrograde amnesia and 
anterograde amnesia. 
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Human Anterograde Amnesia 

One ol the most dminaiic and intriguing |j[ienoniena caused by brain daniage is rin- 
/m;g7Vfr/c fffn/tf'sta, uliicli, at llrsi glance, ajjpears to bt* the inability to learn new in- 
ioniiaLion, However, when we exaEuine the plienomenon nioie catefnlly, we find 
that ilie basic abilities of perceptual learning, stininlus-resjjonse learning, an<l nio- 
loi learning are intact but tlial complex relational learning, of die type I just de¬ 
scribed, isgoiie. This section discusses ilie nature ol'anterograde amnesia in humans 
and its anatomical basis. The section that Ibllows discusses related research with lalv 
oratory animals. 

Th e term anterograde ainnesia Eelei s to difflculh in learning new information, 
A ])e[\son with ])ure atiierograde ainnesia can remember evenis that occurred in the 
[last, during the time before llic brain damage occuned, but cannot retain info*- 
marion he or she encounters afterihe damage. In coiurasi, retrograde amnei!»ia refers 
to the inability to reniembei-events that hajjpened befotnhe brain damage occurred. 
(See Ftgi^re 12.22J) Pure anterograde ainnesia is rare; usualIv, there is also a retio- 
grade amnesia for events iliat occtirrcd for a period of dme helore the brain dam¬ 
age ticcurred. 

In 1889 Seigei Korsakoff, a Russian physician, fust described a severe memorv 
iinpairnient caused by brain damage, and the disoExler was given his name. The most 
pnd'onnd symplum of Korsakoff’s syndrome is a severe anterograde amnesia: The 
patients appeal' to be unable to form new memories, although they can still re¬ 
member old ones. They can convt'ise uurmally and can remember events tliai lia[j- 
peiied long lieftne ifieir brain damage occ in red, but tliey canma rcmeinbei' events 
that happened afterward. Koesakoffs syndrome is usual I v (but not always) a result 
of clnxinie alcoliolism. 

Anterograde amnesia can also f>e caused bv damage to the temporal lobes. Scov- 
ilie and Milner (19f>7) reported that bilateral removal oldhe medial temporal lolie 
[iroducefl a memory impainnent in humans that was appatendy identical to that 
seen Ktii sakoifs syiidrotiie. Thirty opei ations had been jierlbrmed on psvclioiic 
patients in an attempt to alleviate iheir menial disorfler, hut it was nt)t until this op- 
eialioii was perfonnefl on patient Ih M. tliat the anterograde amnesia was discov¬ 
ered. The psvehoiic patients' beliavior was already so tlismrbed that llieir amnesia 

was not detec Led. However, patient H. M. was r'easonably iniel- 
iigeiit and was not [isvclioiic; therefore, his jiosiopeialive 
ileficii was discovered immediatelv. He had reeeived die 
surgery in an atiemjil to Ueat Ins very sevei e epilepsv, winch 
coiikl not he controlled even by liigli doses of anticonvulsant 
medicanfm, I be epilepsy appears to have been cattsed bv a 
bead injury lie received when he was struck l>v a bicvde at age- 
nine (dorkiii et al., 1997). 

fbe surgery successfully treated 11, M.’s sei/iire disordet; 
but it became apparent that the operation had prodnce<l a se¬ 
rious memory impairment. Sn])sequemiy; Scoville and Milner 
(1957) examined eight the psychotic patients who were co- 
lierent enough to ct>oj>eraie with them. Oaieliil lesiing revealed 
that some oi‘ these jxittents also had anienjgrade amnesia: the 


Anterograde 
Amnesia 
Cannot later 
remember events 
that occur after 
brain damage 
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fleflcil appeared uxiccuronlvwlieii the liippocampiis was removed. Tliev coticludcd 
that the hippocampus was the critical siructm e desiroyed by the surgery. Once it was 
disco\ered tliat bilateral medial temporal lobectomy causes anterograde amnesia, 
neurosurgeons stopped performing ibem and are now' careful to operate on only 
one temporal lol)e. (Unilateral temporal lobectomy may cause tuinor memory prol> 
lems, hut nothing like what occurs after bilateral operations.) 


Basic Description 

H. M.'s hislorv and memory dehcits were described in the chapter prologue (Mil- 
net; Chorkin, and Teiibei; 1968; Milnei; 1979; Chorkin et al., 1981). Because his rel¬ 
atively pure amnesia, he has been exiensively studied, Milner and her tad leagues 
based ilte following ct)nclusions t>n his pattern of deficits: 

1 . hipfMH'amjnts is not the hfation of lon^-term memories; nor is it necessur\ for the re- 
frmfal of hng-term memories. If it were, H. M. would not have been able to re¬ 
member events lVt>m eaiiv in his lile, be would not know’ how to talk, he woulrl 
not know how to dress liimsell, and so on. 

2• 7 he hipfm{umpu ,v is not ihe /oration oj immrdiate (short-/erm) memories. 1 i it were , 
H. M. would nut be able to carry on a conversation, because he w'ould not re¬ 
member wliai the t>ther person said long enough to think of a reply. 

3, hippocampus is involved in mwerting immediate (short-term) memories into long¬ 
term memories. This conclusion is based on a [jarucular hypothesis ol' memory 
function: that our immediate memorv of'an event is retained hv neural activitv 

^ m n 

atid that long-term memories consist of relatively permanent biochemical m 
strncttiral changes in neurons. The conclusion seems a reasonable explanation 
for the fact that when presenied with new’ information, H. M, seems to under- 
slancf it and remember il as long as lie Uiinks about it bui that a permanent 
record of tfie information is just never made. 

As we will see, these three conclusiotts are too simple. Subsequent researdi on 
patients with anterograde amnesia indicates that the facts are more complicated^— 
and more interesting—than they first appeared to be. But to appreciate the signifi¬ 
cance of the findings of niore recetu research, we must understand these tliree 
conclusions and remember the facts that led to liiem. 

Many psychologists believe that learning consists of at least iw'o stages: sliort- 
term memory and long-term memory. They conceive of short-term memory as a 
means of storing a limited amount of information temporarily and iong-term mem¬ 
ory as a means of storing an unlimited aniouiit (or at least an enormously large 
amount) ol information permaneniiy. Short-term memory is an iimnediate memoi y 
for sliimili that fiave just been perceived. We can l emenibera new item ol informa¬ 
tion (such as a tcleplione numher) foi’ as long as we want to by engaging in a jjar- 
ticnUir beliavi{>r: rehearsal. However, once we stop rehearsing the information, we 
might or might not be able to remember it later; iliat is, the itiformation might or 
might not get su>red in long-term memory. 

Short-term niemorv can Itokl oniva limited amount of information. To tlemon- 

j f 

straie this fact, read tlie following niunhers to yonrselt just once, and then close your 
eves and recite iheiii back. 

1 4 9 2 3 9 7 

You probably [)ad no trouble remembering them. Now; try the r<jlk>wing set oi' num¬ 
bers, atid go through them only before you close your eyes. 

7 2 o 2 3 9 1 t) 5 8 4 

Very few' people can repeat eleven numbers; in fact, you might not have even 
bothered to try, once vnu saw how' many numhers there w'ere. Therefore, sliort-lcrm 


anterograde amnesia Amnesia 
for events that occur after some 
dtsturbance to the brairi, such as 
head m|ury or certain degenera¬ 
tive brain diseases. 

retrograde amnesia Amr>esia for 
events that preceded some distur¬ 
bance to the brain, such as a head 
injury or electroconvulsive shock. 

Korsakoff's syndrome Perma¬ 
nent anterograde amnesia caused 
by brain damage resuiting from 
chronic alcoholism or malnutrition. 

short-term memory Immediate 
memory for events^ which may or 
may not be consolidated into 
long-term memory. 

long-term memory Relatively 
stable memory of events that oc¬ 
curred m the more distant past, as 
opposed to short-term memory. 
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Figure 12.23 

A simple model of the learning 
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Figure 12.24 

Examples of broken drawings. 
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Reprinted with permission of 
author and publisher from Gollin, 

E S Developmental studies of 
visual recognition of incomplete 
objects. Perceptual and Motor 
Skills, 1960, n, 289-298. 

Animation 12.5. Implicit 
Memory Tasks, Includes 
interactive demonstra¬ 
tions of memory tasks that can 
successfully be performed by pa¬ 
tients with anterograde amnesia. 

consolidation The process by 
which short-term memories 
are converted into long-term 
memories 



iiu'iiiory has {IfthiiLe limits. Bin of coiirscx if you wan led 
you couki rt-eik- llic miml)frs and afjjain iimil you had 

nHMiu>ri/cd tlicin: dial is, vou could lehcai sc ific iiitoi 111 a- 
lion in shoiT-lcnn incniory uiuil it was eventually stored in 
]<ing-lenn ineinoi y. l.oiij^-tenn meniory lias no kru>wn liniit.s; 
and as its name suggests, it is relatively durable. Presiniiahlv, 
it is a result ot c hanges in synaptic strengiln such as the ones 
res[>onsihk' lor loiig-Lerm potentiation. If we stop thinking 
ahotn something we have just ]3£‘rceived (that is, something 
contained in short-term memory), we might or might not re- 
member the int'ormaLion later. 1 lowever. infonnalioii in 
long-term memory need not be rontinnonsly rehearsech 
once we have learner I sonieiliing, we can stoji thinking ahtnit it tmtil we need the in- 
fdi niation at a future time. 

rile simplest model of the memory process .says iliai sciisorv information enters 
short-ierm memory, rehearsal keeps it there, and eveiitiially, the information makes 
its way into long-term memory, where it is pei inatienily stored. I'lie conversion of 
sliort-term memories into long-term memoties has been called consolidation, be¬ 
cause the memories are "made solid," so in speak. (See Figure 12,23.) 

Now yon can understand the original eonchisions of Milner and her colleagues: 
1 J‘ H. M.'s short-term memory is intact and il he can remember events from before 
his operation, then ilie problem must be that consolidation does not take place. 
Thus, the role of the bijipocampal formalism in memory is consolidation—con¬ 
verting sliori-ierm memories 10 long-term memories. 

Spared Learning Abilities 

II. M/s meuniry deficit is striking and dramatic. However, when lie and othei‘ pa¬ 
tients with anterograde amnesia are studied more careinllv, it becomes apparent that 
the amnesia does not represent a total failure in leaniitig abilily. W hen the patients 
are appropriately tiaiiied and tested, we find dial they aie capable of three of the 
four major types of learnitig described earlier in this chapter: perceptual learning, 
sensory-response learning, and motor learning, A review by .Spiers, Maguire, anil 
Burgess (^fHll) summari/ed 147 cases of anterograde aninesia dial are consisient 
willi ibe deseriptinti that follow. 

First, let us consider perceptual learning. Figui e 12,24 shows two sample items 
iVom a lest ol the ability to reeogni/.e broken drawiiigs; note how the drawings at e 
successively more ctmipleie. (See Figure 12.24,) Suljjecis are lust sliosvn the least 
complete set (sei I) of each of twenty different drawings. Ifliieydo not recogiii/e a 
figure (and most people do noi recognize set 1), they are shown more ef>mpleie sels 
until iliey ideniily ii. One hour huej\ the subjects are tested again for retention, start¬ 
ing with sei I. l/aiieiu H. M. was given ibis test and, when retested an hour later, 
showed considerable im])ioveinent (Milner, 1970), When lie was lelesied four 
months latei; he v////showed this irnprovemeni. \ lis jjerfbrmance was not as good as 
dial ol ruirmal control subjects, but lie showed unmistakable evidence of long-term 
retention, (You can try ibe broken drawing task yourself by vunmn^ Auimatiou 12,5^ 
Impiicit Memory Tasks,) 

J<ihnsoii, Ivim, and Risse (1983) found that patients widi anterograde amnesia 
could leal 11 10 recognize faces and me lor lies. 4'liey jtlayed nii familiar melodies Irnm 
Korean songs to amnesic paiienisand found that when they were tested lalei; the pa- 
lieiits piei’erred these melodies to ones they had not heaul before. The experi- 
meniers alsti |>resenied [ihotographs of two men along with stories of their lives: 
One man was said to be dishonest, mean, and ^ ieiolls, and the other was de.scnhe<i 
as nice enough to invite home to fhnner. Twetuv days later, the amnesic paiietns said 
ihey liked the [picture i>f the ''nice'" man better than that i>f the "nastv” one. 
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liivcsligiUois liavr also su tetter led iri fkniiotistraliii^ slitiuilus-responsc learning 
hv I L M- and oilier utniiesic subjcels. For example^ \\doclrufi-i\ik (11193) found dial 
M. M. and aiunlier paiieni wiili aivicrograde amnesia ccuild aerjuire a elassirailv eon- 
diiioiied cvcblink resp<jnse. [ 1. \F even showed reteniion oi die task two years later: 
He acquired the response again in one-tenlli the number of trials that were needed 
jjievhmsly. Sidinan. SioddaixL and Mohr (19bS) successfully trained patienl lb M. 
on an insu innenlal conditioning task—a visual discritnination task in whicli pennies 
ivere given for correct respi>nses. 

Finally, several studies have demonstraied motor learning in patients with an¬ 
terograde amnesia. For example, Reberand Squire (I99S) fourul dial subjeels with 
anterograde amnesia could learn a serjuence of bntioii jDiesses. Fhev sat in front (jI 
a computer screen and waielied an asterisk a]>pear—afjparenlly randomly—in one 
of four locations, d ludr task was to press tlie one of four biiuons dial corresponded 
to the location of the asterisk, .\s s(jon as ihev flid so, the asterisk moved to a new lo- 
cation, and ihev pressed the corresponding hnilon, (See Figure 12.25.) 

Although experiinentej's diri not savso, the sequence of button pi esses specified 
l>v the moving asterisk was not l andoni. For example, it miglit be DRCLA('BDHRA, a 
icndtem sequence dial is repeated coniinuously. With practice sidijecls become 
faster and faster at this task. It is clear that their rate increases because diey fiave 
learned tfie seijuence, because if die sequence is changed, their performance de¬ 
creases. The amnesic subjects learned this task just as well as normal subjects did. 

As vou can see, ])aiients with anterograde amnesia are capable of a vatiei) of 
forms of pereeptiial learning, stimulus-i espouse learning, and motor learning. 


Figure 12.25 

The procedure of the study by 
Reber and Squire (1998), Subjects 
pressed the button in a sequence 
indicated by movement of the 
asterisk on the computer screen. 


DBCACBDCBA 
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Declarative and Nondeclarative Memories 



If amnesic patients can learn tasks like these, you might ask. why do we call ihcni am- 
nesirtThc answer is this: Although the paiientsean learn lo perform tliese tasks, diey 
do not re mem her anydiing about liaving learned I hem. They do not rcmembei’ the 
experimenters, the room in wliich the training look place, die ap]>arams dial was 
used, or any events tliai occurred during the training. Ahhougli H. M, learned to rec¬ 
ognize the broken drawings, be denied dial he had ewer seen tliem l>erore. Although 
die amnesic patients in the study by Johnson, Kim, and Risse learned to like some of 
the Korean melodies better, theydifl not recogni/e that they bad hearrl them belbre; 
nor did they remeinher having seen the pictures of the lwt> 
men, Ahliongb IL M. successlully acquired a cla.ssically condi- 
tioneil eveblink response, lie did not lemember ilie experi¬ 
menter, the apparatus, or tlie headband he wxrre that held die 
device that delivered a [inf f of air to his eye. 

hi the experiment by Sidmaii, Stoddard, and Mohr, al- 
iliougli H, M. learned to make the correct response (].n’ess a 
panel w-iili a picture of a circle on it), lie was unable to recall 
having done so. In lad, otice H. M. liad I ear tied the task, the 
ex|>erimeiiter s iiuerrvipiecl him, liad him count his pennies (to 
(listraci him for a little while), and then asked him to say w hat 
lie was supptised to do. I le seemed jjuz/led l>y the questiem; he 
iiad absolutely no idea. Bni wlien tliey turned on the stimuli 
again, lie im medial el v made the eoi red resjjtmse, Unally, aU 
diough tlie amnesic subjects in Reber and Squire's study obvi¬ 
ously learned the set[tieiue of linger nioveiiiems, they weir 
completely unaware that there was, in fact, a sef|uence; ihev 
ihouglil that the movement of the asterisk was raiuloni. 

The distinciion between wliai people with anterograde am¬ 
nesia can and cannot learn is obviously important, btxause it 
I'cllects tile basic organi/ation of the learning process, (Clearly, 


Learning to ride a bicycle is a combination of stimulus- 
response learning and motor learning, both of which are 
nondeclarative in nature. Remembering when we learned 
to ride a bicycle Is an episodic memory, a form of relational 
learning. 
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declarative memory Memory 
that can be verbally expressed, 
such as memory for events in a 
person's past 

non declarative memory Mem¬ 
ory whose formation does not de¬ 
pend on the hippocampal 
formation, a collective term for 
perceptual, stimulus-response, 
and motor memofy. 

perirhinal cortex A region of 
Irmbc cortex adjacent to the hip¬ 
pocampal formation that, along 
with the parahippocampat cortex, 
relays information between the 
entorhinal cortex and other re¬ 
gions of the brain 

parahippocampal cortex A re^ 
gion of limbic cortex adjacent to 
the hrppocampal formation that, 
along with the perirhinal cortex, 
relays information between the 
entorhinal cortex and other re¬ 
gions of the brain. 


Figure 12.26 


Explicit and implicit memory of amnesic patients and 
control subjects. The performance of amnesic patients 
was impaired when they were instructed to try to recall 
the words they had previously seen but not when they 
were asked to say the first word that came into their 
minds. 
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llu-rf Avc at least two major categories of memories. Psychoiogisi.s have given them 
several cliffereiu names. Kt>r example, some investigatois (Eichenbaimi. Olio, anci 
C-oiien. 1992; Squire^ 1992) suggest that paiienis willi anterograde amnesia are un¬ 
able to form declarative memories^ which have beeti defined as those that are "ex¬ 
plicitly available to conscious recollection as facts, events, or specific stimuli”' {Squire. 
Shhnarnura. and Amaral. 1989. p. 218). The term r/cc/r/mZ/uc obvinuslv comes from 
(Mare, which means "to [n oclaim: to announced 'I’he term reflects the fact that pa¬ 
tients with anterograde amnesia cannot talk about experiences that they have had 
since the time of their brain damage. Thus, accoiiliiig to Squire and his colleagues, 
declarauve nieinory is memory of events and facts that we can think and talk about. 

rite other categftry of memories, often called nondeclarative memories, in¬ 
cludes instances of perce])lttal. stimnius-response. and motor learning that we are 
not necessarily conscious of. (Some psychologists refer to these two categories as 
/VrnZ and meniot ies. respectively.) Xondeclarativc memories ajjpear to oper¬ 

ate atitomatically. They do not require deliherate aitetnyats on the pai t of the leartier 
to memoft/e somelhing. They do not .seem to itK'lude facts or experiences; instead, 
they conti ol behaviors. For example, supjjose vve learn to ride a bicycle. \Vc do so 
quite coEisciously and develo[> declarative memories ahoni our attempts: who helped 
us learn, whei e we rode, how we felt, how^ many times we fell, and sci on. Btit we also 
form [londeclarative stimulus-response and motor memories; ive leant lo vUle. We 
learn to make automatic adjustments willi oui- hands and bodies that keep our cen¬ 
ter of gravity above the wheels. 

(h af. Squire, and Maufller (1984) deiiKnistrated perceptual learning for verbal 
stimuli ill subjects with anterograde amnesia. ITiey showed lists of six-letter words to 
amnesic and nonanmesic subjects and asked them lo suidy each one carefiillv and 
rate how mudi they liked them. The purpose of the rating was lo make stire that the 
subjects spent some time thinking ahtnil eacli woi d. The inv^estigaiot s then admin¬ 
istered two types of nieiiiury tests. In the exlAifit metfiory {declarative memory) ctJti- 
dition they asked the subjects to recall the words they liad seen. In the imf/lif if wemary 
(nondeclaraiive memory) condition they f>resetued cards coniaining the first three 

letters of the words. For example, if one of the words had been 
DEFINE, they wotdd have been shown a card on which DEF was 
primefl. Sevei al different six-letter words besides fle/tne begin wiib 
the letters DEF. sucli as defate, defame, defeal, defed, defend, defied, 
and defarm, so there are several possible responses. Fhe investiga¬ 
tors asked the subjects simply to say the fti st word that sUii ted with 
those letter.s that came into their minds. As Figure 12.2b shows, the 
amnesic subjects explicitly remembered fewer than half as many 
worfls as the contrt>l .subjects, bitt the two groups performed 
equally well on ihe implicit memory task. (See Figaro 12,26.) 

Fable 12.1 lists the declarative and noiifleclarative inemorv 
tasks that I liave described so i’ar, (See Table 12.1.) 





Free recall Completion 

(explicit memory) (implicit memory) 

Based on data from Graf, Squire, and Mandler, 1984 


Anatomy of Anterograde Amnesia 

The phenomenon of anierografle amnesia and its implicaiions fur 
the nature ofrielalional learning have led investigators to studv this 
phenomenon in laboratory animals. BtU before 1 review this re¬ 
search (which has provided some very interesting results), we should 
examine the brain damage that protiuees anterograde amnesia. One 
fact is dear: Datnage to the hippocam pits, or to regions that supply 
its inputs and receive its outputs, causes aiuerograde amnesia. 

As we saw eaiiier in this clia[>ter. the most iiupoi tant input to 
the hippocampal foi inalion comes from the eniorlnnal cortex. 
The entorhinal cortex receives its in[>uts fiom ihc eingulaie cortex 
and all regions of the association cortex, either direcilv or via two 
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Examples of Declarative and Nondeclarative Memory Tasks* 


Declarative Memory Tasks 


Remembering past experiences 
Learning new words 
Recalling words (DEF_) 


Nondedarative Memory Tasks 

Type of Learning 

Broken drawings 

Perceptual 

Recognizing faces 

Perceptual (and stimulus-response?) 

Recognizing melodies 

Peicepiual 

C.lassical conditioning (eyebliiik) 

S ti m u 1 iis-respo nse 

InsirumcnUd conditioning (choose circle) 

S d m UI usr res po n se 

Sequence of button presses 

Motor 

Word completion (DEF } 

Sii m n III s^re spoil se 


adjareni regions of limbic coitcx: the perirhinal cortex and ilic parahippocampal 
cortex. (See Figure 12.27.) It also receives in formal ion from the amygdala* which 
may he j esponsihle lor ilie role lhal eniotimis play in memories. The onipiils of the 
lii]j]jotam|>aI svsiem are relayed haek Llirougli the entorhinal, perirhinal* and 


Figure 12.27 

Cortical connections of the hippocampal formation, (a) A view of the base of a monkey's brain, 
(b) Connections with the cerebral cortex. 
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paraliipj^njcampal lu the same regions that provide inpiils: tlie cingulate coi tex and 
all regions uf the association cortex. 

Idle fiipjjucainpal fbnnation also receives input from subcortical regions via the 
tbrnix. As far as we know, these inputs select and modulate die ruiictions of the hi}> 
pocampal formation, hut they do notsujijily it with specific inibnnation. (An anakrgv 
may make this distinction clearer. An antenna supjilies a radio with information that 
is being broadcast, wliereas the on-off switch, die volume c<jn[i ol, and the station se¬ 
lector cnnirol llie radio's functions.) The Ibrnix carries dopaminergic axons from the 
vemral teginental area, noradrenergic axons Irom the locus ctJeruleiis, serotonergic 
axons from the raphe miciei, and acetylcliolinergic axons IVom the medial septum. 

I he clearest evidence that tlainage lo the hippocampal formation produces an¬ 
terograde amnesia came from a case studied f>y Zola-Morgan, Sejuire, and Amaral 
(I98(>). Patient R, IT, a 52-year-<dfl man with a history of lieari trouble, sustained a 
cardiac arrest. Altltough his heart was succe.ssfully restarted, the period cd’anoxia 
catised by llie tempt>rary iiall in blood flow resulted in brain damage. The priinaj y 
symptom i>f this brain damage was a permanent anterograde amnesia, which /ada- 
Morgan and his cedleagues carcflilly dt>cumenie<l. Five vears after ilie onset of the 
amnesia, R. B. died t)f lieai t failur e. His family gave ]>ermission for hisioltigical ex¬ 
amination of his brain. 

The investigators discovered that held C,Al (d tlie fdppoeainpal formation was 
gone; its neurons had completely degenerated, Subsec]ueut studies reported other 
patients with anterograde amnesia caused by CAl damage (Victoi^ and Againanolis, 
1990: Kaj tsonnis, Rudge, and Stevens, 199:1: RempeK’lower et al,, 1996), (See Figure 
12.28.) In additioii, several siiiclies liave lound tliat a per[t>d of anoxia causes damage 
to held C.AI in monkeys and in rats anti tliat the damage causes anterografle amne¬ 
sia in tfiese species too (Atiei,Jensen, and Wliisbaw, 19S9; Zola-Morgan et al, 1992), 

Why is field ("Al of the hippocampus so sensitive to anoxia? The answer appears 
Lo lie in the fact that this region is especially rich in NMDA i ece[]tors. For some rea¬ 
son nietabolie disLurbances of vai ions kinds, inclmling sei/nres, anoxia, or hypo¬ 
glycemia, cause ghitaniatergic terminal buttons to iviease ghiiamate at abnormallv 
high levels. The effect of tfiis glutamate release is to stimulate NMDA receptors, 
wliidt permit ihe entry of calcium. Within a few minutes excessive ainoiims oflii- 
Uacelhilar calcium begins w destroy the netirons. If animals are pretjeated with 


Figure 12.28 

Damage to field CAl caused by anoxia, (a) Section through a normal hippocampus, (b) Section 
through the hippocampus of patient G. D. The pyramidal cells of field CAl {between the two 
arrowheads) have degenerated, (DG = dentate gyrus, gl, ml, pi = layers of the dentate gyrus, PaS = 
parasubiculum, PrS = presubiculum, S = subkulum.) 



From fie mpel-C lower, N. L., Zola, S. M,, Squire, L R., and Amaral, D. G. Journal of Neuroscience, 1996, ?6, 
S233-5255 Copyright 1996 by the Society for Neuroscience. 




clruj>s that lilock NMDA i t'ccfjtors, a jK-riocl t>i’anoxia is iiukIi less likely to produce 
l)rain damage {Roiliiiiaii and Oliiey, ll)H7), (iAl neurons contain inat^y NMDA re¬ 
ceptors, so hnig-iertn potentiation can quickly hecorne estal>lislied there, I’his llex- 
ibilitv nil doubted ly conin)>ntes to our al)ility to learn as fjuieklv as we do. But it also 
renders ilu'se neurons panicularlv susceptible to damage l>y metabolic disturbances. 

Anterograde Amnesia: Failure 
of Relational Learning 

As we liave seen, anterograde amnesia ajDjjears l(> be a loss oj'the ability to establish 
tu'w declai ative nieinories: the ability to establish new ntmdeclaraiive nienun ies 
(percej^Tual siimnlus-response, or motor leartiing) is intact, VMiau exaedy, are de¬ 
clarative ntemories? Are they \mimf memories? Is it simply that [ieo[>le with antero¬ 
grade amnesia cannot learn new verbal inidrmation? 

rite answer seems to be no. Declarative menunies art* not tiecessarily verlxtl 
nieinories: ihev are recollections ol'tilings or events we have previtnisly experienced, 
l,et's consider the most ctunplex forms oi tleclarative memories: meinories of par- 
licnlai episodes. Episodic memtji ies consist of collections t>l‘]>erc‘epiions fd events 
orgain/ed in time and identified by a fiariicnlar eontexl. For examj^le, consider rny 
rnemtiry t>fAliis morning's breaklasi, I f>ui on rny robe and sli[jpers, walked down¬ 
stairs, made coffee, drank some orange Juice, matle waflle batter, baked a waflle, 
and ate it at (he table next to die window. 11 1 wanted to (aiul if 1 ilionght yon wxnv 
interested), I could ghe yon many more details, I’he point is that die memorv et>iv 
tains many events, organi/ed in lime, Bui would we say that my memoi y is a ifnhal 
menifirv? Cdearlv not: whai I remember about my experience this morning is per¬ 
ceptions oI a series o[ not a series of rtw//v. i remember ii<a words but j^er- 

ceplions: the sight of the snow falling outside, the feel of the enhl lloor replaced by 
the coml'ortable warmth ormy slijjpers, die smell of the coffee beans as I opened the 
(anuaiuer, the rasping sound made by the coITet^ grinder, and so on. 

Obviously, memories must be organi/ed. 11 you asked me about this moniiug's 
breakfast, vt>ur words would }>t iug to mind a ol percej^uial memories—inenuJi ies 
of events that occurred at a particular litne and place. What floes the hip]jocam[>al 
formation have to flo with that abilitv? The most likely explanation is dial during die 
original experience, it somehow ties logeilier a series oi percej 3 U<ms in suc h a wav 
dial i heir mem (tries, loo, are 1 in kef I. dhe liijtjtocampal formation eii allies us to learn 
die rf 4 aii 0 }tsh/p between the stimuli dial were jneseiu at die time—the ronff^xf in 
which the episode occurred—aiifl the events themselves. As we saw, peofjle with an- 
terogratle amnesia can form perceptual memories. .As studies have showai, once ihev 
see something, they are more likely to recognize it later. But their pcrcejDiual mem- 
ftries are Isolatefl; the memories of individual objects and events arc not tied to¬ 
gether or to the C(tnte\t in winch they occurred. Tims, seeing a particular person 
floes not remind iliem ol’other times they have seen that [tersftn or of the diings tltey 
liave done uigeiher. Anierografle amnesia appears to be a loss ttf the ability to learn 
about (he relationships among stimuli, including llie time aufl place in whicli tliey 
occurred and the order of their occuri euce. 


Role of the Hippocampal Formation 
in Spatial Memory 

I memioned earlier tu this chapter that patient Jl, M. lias not been aliie to find bis 
way arfJimd his present cnviroumeiit, Allhongh S[)atial iidbriiiadon need not be fie- 
dared (we can demoustrate our io[>ograj:)hical memories by successfully getting 
Iroin place to place), people witli anterografle amnesia are unable to consolidate in¬ 
formation about the location of rooms, corridors, buildings, roads, and other im¬ 
portant items in their enviromiient. 
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Bilaunal rlaiiiaf^c to iht* liippocampal fortnaiioii procliKos {\w iiKJSl profound 
iinpalniKnu in spatial incniorv; but si^iiifRinu rU-ficilscan bo producfci bv dainaf^c 
lliat is limilt^d to the ri^lii lunnisplrcrc. For exarTi]Dk% Lu//i et al. (2001) reported the 
ease oi a tiiaii witli a lesion of die riglit [jaraliippocanipal cortex who lost fiisahilitv 
to find his wav around a new environ men h I he onlv wav he antitl find his roinn was 

’ * f 

by eonniinj^ doorways from the end f>f the iiall or bv seeing a red na[>kin that was lo¬ 
cated on top of his berlside iai>le. 

Functional imaging studies have sliown tliat tfie right Inppoeampal Idrmation 
becomes aciivc wlien a person is rememf>ering or performing a iiavigaiional task. 
For example Maguire, Frackowlak, am) Frith (1907) had London taxi drivers de¬ 
scribe the routes diey would take in driving froni one location lu anodiei. A PFTscan 
taken dining tlnir desctiplion of ilie route sfiowed acUvation of the right hip¬ 
pocampal formation. Maguire ei al. (1998) fiad subjects play a virtual reality ctun- 
puter game llial permiiied them ici navigate around a uwvn. The subjects played the 
game long eiifnigh that its streets, buildings, open spaces, and other featuies be¬ 
came familiar. The ex|:)eri[uenlers cxnild dose doois or ptit up baiaicades tliat re- 
cjuired tiu* subjects to follow alternative routes to get to a particular location. Then 
they arranged for the stibjects to phiy the game while their 1 leads were in a FFT scan¬ 
ner that measured regional braiti actixalion. The images they olitained indicated 
that the* right hippoca[n[jal formation became aciive when tlie subjects were navi¬ 
gating. In fact, the amount of activity in this region was correlated with the subjects' 
accuracy in navigation. (See Figure 12.29,) 


Relational Learning in Laboratory Animals 

The di.scovei y that hippticamfial lesions produced anterograde amnesia in humans 
stimulated interest in the exact role that this structure' plays in the learning [irocess. 
To pursue this iiUeresi, experimenters began making lesions of the bipjiocampal 
formation in animals and testing their learning ability. They quickly found that the 
auiinals remained rapal>le oiTearniiig most tasks. Al the time ihev were surprised: 
some vwn thought that tlie hippocampal formation had different functions in hu¬ 
mans than it had in otfier aiumals. We ntnv realize tliai most old be learning tasks that 
ilie animals were given tested simple stimnins-response learning, and as we saw^ in the 


Figure 12.29 

The experiment by Maguire et al, (1991), (a) A scene from the virtual reality game, (b) A PET scan 
showing activation of the right hippocampal formation from subjects navigating through the "town." 



From Maguire, E. A., Burgess, N., Donnett, J G . Frackowiak, R S J, Frith, C, D., and 0 Keefe, J. Science. 1998. 
280, 921-924. 







pi cvious sect inn^ even hiimiiiis wi th aiUern^i acle amnesia can do well on sucli tasks. 
People's aiuejograde amnesia becomes apparent tmly when we talk with them, 
w'liich is sonieihing we cannot do with other animals* Howevet; researchers have de¬ 
veloped other tasks titat require reiatitnial learning, and on such tasks laboratory an¬ 
imals with hippocampal lesions show memory dellcits, jnst as Immans do* 

Spatial Perception and Learning 

As we saw, Itippocampal lesions disrupt people's al)iliiy to keep track ol and re- 
menil)er spatial locaiif>tis. For example, H. M. never learned lo find liis way home 
when his parents moved after liis surgery, l..atK)i‘atot y animals show similar prol> 
lems in navlgatitm* Morris et al* (1982) developed a task that has been adopted by 
other researchers as a standard test of rodents' spatial abilities. The task reqiiii es rats 
to find a ]>articular location in space solely by means ofAisiial cues external to the 
apparatus. The “maze” consists ofa circular pooh l-l^ meters in diameter, filled with 
a mixture ofWaier and something to increase the opacity of die water, such as pow¬ 
dered milk. The water hides the location oi a sntall jjlatform, situated just beneath 
the sviriace oftbe liquid. The ex]>erimenters put the rats into the water and let them 
swim until tliev encountered tlie hidden platform and climbed otuo it. They re¬ 
leased the rats IVom a new position on each trial. After a few trials normal rai.s 
learned to swim directly lo the iiidden platform from wherever they were released, 

'Die Morris water maze requires relational learning; to navigate around the maze, 
ll)e animals get their bearings from the relative locations of stimuli located outside the 
maze—furniture, windows, doors, and so on* But the miue can be used for nonrela¬ 
tional, stimulus-response learning Uk). II the animals are always released ai the same 
place, tliev learn to head in a particular direction—say, toward a particular landmark 
ihev can see above the wall of the maze (Ficlienbaum, Stewart, and Morris, 1999). 

li rats wiih hi[)pocampal lesions are always released from the same place, they 
learn this nonrelatiotial, stiimiltis-response task about as well as normal rats do, How^- 
ever, if’they are released from a new [>osition on each iriah they swim in what appears 
to he an aiinlcss fashion until they finally encounter the platform. (See Figure 12.30.) 

Many different types of studies fiave confir med the im[>oriance of the hip¬ 
pocampus in spatial learning. For example, Gagliardo, loale, and Bingman (1999) 
found that hippocamjxil lesions disru[>ted navigation in homing pigeons* The le¬ 
sions did not di.snipt the birds' ability to use the position oftbe sun at a particular 
lime oi <lav as a cotnpass pt fin ting toward their home roost. Instead, the lesions dis¬ 
rupted their ability to keep track of wTere they were when they got near the end of' 
their Hight—at a lime when tlie birds begin to use fUmiliar landmarks lo determine 
where iliey are. In a review oi the literature Sherry, [acohs, and (iaulin (1992) re- 
ironed tliat the hippocampal idrmation of species of birds and r<Klents that nor¬ 
mally sit>re seeds in hidden caches and later retrieve them (and iliai have excellent 
memories i'or spatial locations) is larger titan iliat ol animals without this ability. 

Volt mav recall from a discussion earlier in tliis cliapter titat the left hipfxicam- 
pal formation of London taxi drivers become activated when the driv^ers describe a 
complicated route they would lake to get between iwo ]>oints in the city. London taxi 
drivers undergo extensive training to learn how to navigate efficienilv in tliat city; in 
fact, this training takes about two years, anrl the drivers reeeive their license only af¬ 
ter passing a rigorous set of tests* W'e would expect that this iopogra[>hical learning 
w'ould produce some changes in various parts of their brains, including their hip¬ 
pocampal ibrniation, llsingMRI scans, Maguire el al. (2990) found dial the volume 
ol the posterior hippocampus of Loiirlon taxi drivers w^as larger than that of control 
subjects. On tlie other hand, the volume of the anterior hippocampus was smaller* 
Furthermore, the hmger an iiKlivitlual taxi tlriver had .spent in this occupation, the 
larger w'as the volume (if the posterior fiippocamf>ux~and the smaller was the vol¬ 
ume t)f the anterior hippocairipiis. As we will see later in this chapter, tlie dorsal hip¬ 
pocampus of rats (whieli corresponds lo the posterior hippocampus of humans) 
contains ff/rire refls —neurons that are directly involved \n navigation in *space* 
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Figure 12.30 

The Morris water maze, (a) Erivironmental cues present in the room provide information that 
permits the animals to orient themselves in space, (b) Variable and fixed starting positions. Normally, 
rats are released from a different position on each trial. If they are released from the same position 
every time, the rats can learn to find the hidden platform through stimulus-response learning, 

(c) Performance of normal rats and rats with hippocampal lesions using variable or fixed starting 
positions. Hippocampal lesions impair acquisition of the relational task, (d) Representative samples 
of the paths followed by normal rats and rats with hippocampal lesions on the relational task. 





.. Variable start positions Constant start position _ % 

(relational task) (stimulus-response task) -* ^ 



(b) 



Finish 



Start 


Control 




Adapted from Eichenbaum, H. Nature Reviews: Neuroscience, 2000, I 41-50, Data from Eichenbaum et al., 1990. 


Place Cells in the Hippocampal Formation 

() 1 U‘ a[ {\w num intriguing discovont^s aljoin lire [nrniiUion was 

inaclr In' O'Keefe and t)txsir<)vsky (1971), wiio l eeoi cied the aclivitv of individnal 
pyraniidal cells in the hippocampus as an animal moved aruinid the environnieni. 
The experimenters found iliai some neurons fired at a higli rate onlv when iht‘ rat 






















Relational Learning 


Figure 12.31 


was ill a pariicular 1 <k ation, DiKcrciU neurons liacl clilTercnt spatial receptive Helds; 
ifiat is* thev responded when the animals were in cliFferent kjcaiitms. A parueular 
neuron mit^ht (ire twenty times per second wlien ilie animal was in a partlcidar lo¬ 
cation but only a few limes per liomwhcn it was located elsewhere. For obvious rea¬ 
sons these neurons were named place cells. 

Wlien a rat is placed in a symrnetrical chamber, where there are few cues to dis- 
tinj^uish one parr of die apparatus (rom another* tlie animal must keep track of its 
location I'nmi objects it sees {t>r hears) in lire eiiviroumeui outside the ma/t\ 
Cdiau^es in these items alTeci tfie llrinj^ o\ the rats' place ceils as well as their navi¬ 
gational ability. When exfierimeniers move the stimuli as agrouji. niainiainin^ their 
relative positions, the anitiials sittiply reorient their iespouses acTordingiv. However, 
when the experimenters interchange the stimuli so that thev are arraiigc^d in a new 
order, the animals' perlbi inance (and the liring ofAheir place cells) is clisrufitc^d. 
(Imagine liow clisoricnied you might be if yon entered a tamiliai room atid found 
that the vvitidows* doors, and furniture were in ttew jjositions.) 

The fact that neurotis in the hippocampal fonnadon liave spatial rece[>ti\e lields 
does not mean that each netiron encodes a particular location. Instead, this in- 
formation is nndouhiedly represented by jiarticnlar of aciiviiv in circuits of 

neurons williin the Idppocampai lormaiion. In rodemts most hip])ocamf>al place 
cells are found in the dorsal hifipocampus, which corresponds to the posterior 
hippocampus In humans (hc^st. White, and Mi nab 2001). 

Evidence indicates that Firing of hijipocampal place cells appears to rellect the 
location where an animal *'ihinks”ii is, Skaggs and McNaughton (1998) construci(‘d 
an apparatus that contained iwcj nearly identical chaml)eis connected by a corridor. 
Each day* rats were placed in one cd the chanibei s, and a 
cinstei of elc'clrodes in ilie animals' brains recorded the 
activity of hi[}pocampal place cells. Each rat was always 
placed in the same dram her each clay. Some of the place 
cells showed similar patterns of activity in each oj‘ the 
cliambers, and some showed different jiaiierns, which sug¬ 
gests that the hippocampus "realized'' that there were iwo 
difFereni compartments but also "recognized'' ilie similar¬ 
ities between them. Then. (>n the last dav of the experi¬ 
ment, the investigators placed the rats in the other 
chamber of the a[>paraius. For example* if a rat was usually 
placed in the north chaml>er, on the last clay it was placed 
in tlie south cl tarn her. The filing patiern ofhhe place cells 
in at least hall of the rats indicaic'd that the hippocampus 
“ih ought" it was in tlie usual chain her—the one to the 
north. Mowevei; once the rat left the chamber and entered 
the corridor* it saw^ that it had to turn to the left to get to 
the other chamber and not to the right. The animal aj> 
paiemly realized its mistake, because For the rest of that 
session the neurons llred appropriately. They displayed 
the "north" pattern in the north chamber and the "sonili" 

[xitiern in the south chamber. (See figure 123L) 

The hippocampal formations of monkeys, like those 
of rodents* also contain neurons that respond to Icjcation, 
but most oi them encode information about what part of 
the environ mem the animal is holuug at rather than 
wliere liie animal is located. The firing of these cells is m^t 
affecied by tlie position olThe eye, the* orientatif>ii of its 
head, or the jitxsiilon in which the monktw i.s located. 

Thus, the neurons sc^em to represent locations "out 
there" (Rolls* I99h; (.Veoigesr Franco is. Rolfs* and Rohei l- 
son, 1999). Rolls and his colleagues refers to these 


spatial receptive field The re¬ 
gion of the environiTient mto 
which the entry of an animal will 
produce an increase in the finng 
rate of a place cell in the animals 
brain. 

place cell A neuron that becomes 
active when the animal is in a par- 
tic u far location in the environ¬ 
ment; most typically found in the 
hippocampai formation. 


The apparatus used in the study by Skaggs and McNaughton 
(1998). Place cells reflect the location where the animal "thinks'" it 
(s. Because the rat was normally placed in the north chamber, its 
hippocampal place cells responded as if it were there when ft was 
placed In the south chamber one day. However, once it stuck its 
head into the corridor, it saw that the other chamber was located 
to its right so it "realized" that it had just been In the south 
chamber. From then on. the pattern of firing of the hippocampal 
place cells accurately reflected the chamber in which the animal 
was located. 
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iicui'ons as spaiial vimf a4ls and dial their presence in tlie liippocaiiTpiis oi’ 

the iiKinkey rellects the fact that vision is siitii an important .sense motlalitv for pri- 
inaies. I'he hippocampus oI‘ the monkey also contains place cells dial respond tlie 
way ihev flo in ihe hippocampus of tlie i at, hut iliere are maiiv fewer of these cells 
(O'Mara et al,* HH)4). On die l>asis of diese findings, I woukl ]Ji edici ihai tlie [joste- 
rior hippocampus of tlie human brain coma ins spatial view cells, which are proba¬ 
bly also activated when a j^erson thinks nhout ^ particular place. 


Figure 12.32 


Effects of a targeted mutation (knockout) oftheNMDA receptor 
gene expressed only in field CA1 of the hippocampus. Photo¬ 
micrographs of sections through the hippocampus stained for 
the messenger RNA responsible for the production of NMDA 
receptors, (a) Normal mouse, (b) Mouse with the targeted 
mutation (CAI knockout). Ctx=? neocortex, CA1 = hippocampal 
field CAl, DG = dentate gyrus. 



(a) 


From Tsien, J. Z , Huerta, P I, and Tonegawa, S. Ceil 1996, 87, 
1327^1338, Copyright 1996 Cell Press. 


Role of Long-Term Potentiation in Relational Learning 

In die first part of this cha[>ier we saw liow synaptic conncction.s could be quicklv 
modified in llie ln[}pocampal (brmatioiu leading to long-term poteniiaiion or long¬ 
term depression. Are these changes in synaptic strengih relaied to the role die hip¬ 
pocampus [ilays in learning? 

Tlie answer appears lo be yes. Recendy, researciiers have developed targeted 
nintaiioiisof the gene responsible for the production of NMDA receptors winch are 
responsible for loiig-ierm potentiaiion in several parts of the hippocampal IVn ma- 
tiom Two studies from ihe same laboratory (McHugh et ah, Tsien, I luerta, and 
Toiiegawa, 1996) [:)n>dnced a targeted mnialioii of tlie NMDA receptor gene dial af¬ 
fected only the C’Al pyramidal cells, NMDA receptors in these neurons failed to de¬ 
velop; in all other parts of the brain these receptors were normal. Figure 1sftows 
photomicrographs of slices tlirough the hijipocampus ol^ a normal mouse and a 
kiiockoni mouse that were stained for the messenger RNA for the NMDA i cce[}tor. 
As you can see, tins chemical is missing in the C'Al field of the nionse with the tar¬ 
geted mutation. (See Fi^ire 1232.) 

As you might expeci, the e>v[>erimenters found that the lack fif NMDA iecef>tors 
prevented liie esiahli.shment of long-term poien tint ion in field (^Al in the mice with 
the targeted mniaiioii. In addiiioin allhongh die jnramidal cells of CAl did slniw 
spatial receptive fields, these fields were larger and less fociiscfi than thtise shown by 
cells in normal animals. Finally; the kilockout mice learned a Mortis waiei^ maze 
much more slowly than mice whose C'Al neurons contained NMDA recejjtors. 

An extraordinary exjDeriment from Tsieifs laboralory 
(Tang etal., 1999) performed a genetic inaiupulation in 
mice dial caused die increased proditctloti of'a particular 
snbnnii of the NMDA lecej^lor—NMDA-R2I^—in die 
forebraln. The calcinni channel of an NMDA receptor 
that contains tins subunit prodtices a slightly larger exci¬ 
tatory pustsynaptie potential than an NMDA receptt>r dial 
contains the other subunit—NMDA-R2A. Thus, KPSPs 
[jroduced bv NMDA rccepiors in the hippocampus, atnyg- 
dala, cortex, and basal ganglia were slightly longer in the 
genetically modified mice. As a consequence, long-term 
[iotennation was enhaticed in liipj^ocampal slices taken 
from the genetically modified mice. The animals also 
learned to find the platfonn in a Morris water maze faster 
tlian animals with normal NMDA receptors, which 
strongly stiggests that hippocampal long-term poientia- 
tion plays an important role in relational learning. Some 
commentators have snggesied that diis genetic maiiipu- 
lation might enable ns to produce sniarter animals—or 
even smarter people. How ever, if we wtinld really be bet¬ 
ter off wit li more NMDA-R2B snbnniis in our brains, nat¬ 
ural seleciion wotild probably liave betjtieathed them to 
us, (iOusidering tlie fact that the large concentration of 


(b) 








NMDA rcct'plijis alrcacly makes ilic iiipporampiis siiscepiihle to seizure aeiiviiv and 
to clamafre [kuu anoxia* wc are probably bc^tier olTtlie way we are. 


INTERIM SUMMARY 


Relational Learning 

Brain damage can produce anterograde amnesia, which consists of the inability to remem¬ 
ber events that happen after the damage occurs, even though short-term memory (such as 
that needed to carry on a conversation) is largely intact. The patients also have a retrograde 
amnesia of several years' duration but can remember information from the distant past. An¬ 
terograde amnesia can be caused by the brain damage that sometimes accompanies chronic 
alcoholism (Korsakoff's syndrome), or it can be produced by bilateral removal of the medial 
temporal lobes. 

The first explanation for anterograde amnesia was that the brain's ability to consolidate 
short-term memories into long-term memories was damaged. However, ordinary percep¬ 
tual, stimufus-response, and motor learning do not appear to be impaired; people can learn 
to recognize new stimuli, they are capable of instrumental and classical conditioning, and 
they can acquire motor memories. But they are not capable of declarative /earnmg—of de¬ 
scribing events that happen to them. The amnesia has also been called a deficit in explicit 
memory. An even more descriptive term—one that applies to laboratory animals as well as 
to humans—is refathnaf learrthg. 

Although other structures may be involved, researchers are now confident that the pri¬ 
mary cause of anterograde amnesia is damage to the hippocampal formation or to its inputs 
and outputs. Temporary anoxia damages field CA1 and produces anterograde amnesia. The 
entorhinal cortex receives information from all regions of the association cortex, directly 
and through its connections with the perirhinal and parahippocampal cortex that surrounds 
it. The outputs of the hippocampal formation are relayed through these same regions. Sub¬ 
cortical inputs and outputs to the hippocampal formation pass through the fornix and mod¬ 
ulate hippocampal functions. 

Studies with laboratory animals indicate that damage to the hippocampal formation 
disrupts the ability to learn spatial relations. For example, rats with hippocampal damage 
cannot learn the Morris water maze unless they can see the platform or they are always re¬ 
leased from the same place in the maze. The basic deficit appears to be an Inability to dis¬ 
tinguish among different contexts, which includes locations in space and in time. 

The hippocampal formation contains neurons that respond when the animal is in a par¬ 
ticular location, which implies that the hippocampus contains neural networks that keep track 
of the relations among stimuli in the environment that define the animal's location. Place cells 
in primates tend to respond according to the particular location the animal is looking at. 

Long-term potentiation appears to be related to learning, A unique targeted mutation 
against the NMDA receptor gene in field CA1 disrupts long-term potentiation and the abil¬ 
ity to learn the Morris water maze. Conversely, both long-term potentiation and the ability 
to learn the Morris water maze were enhanced by a mutation that increased the amount of 
calcium ions admitted by NMDA receptors in the forebrain. 

THOUGHT QUESTION 

Although we can live only in the present, our memories are an important aspect of our 
identities. What do you think it would be like to have a memory deficit like H. M.'s? Imag¬ 
ine having no recollection of over thirty years of experiences. Imagine being surprised 
every time you see yourself in the mirror and discover someone who is more than thirty 
years older than you believe yourself to be. 
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EPILOGUE 


What, Exactly, Does the Hippocampus Do? 


As we saw earlier, people with antero¬ 
grade amnesia can learn to recognize 
new stimuli, can learn new responses, 
and can learn to make a particular re¬ 
sponse when a particular stimulus is pre¬ 
sented. What they cannot do Is to talk 
about what they have learned. Antero¬ 
grade amnesia appears to be a loss of 
the ability to learn about complex rela¬ 
tions between many stimuli, including 
the order of their occurrence in time. 
How does research with laboratory ani¬ 
mals help us to understand this process? 

Many investigators have come to the 
conclusion that the deficit in spatial learn¬ 
ing produced by hippocampal lesions is 
caused by a failure to learn complex rela¬ 
tions among stimuli—patterns of stimuli 
rather than the individual stimuli them¬ 
selves. I think it is likely that the original 
function of the hippocampus was to help 
the animal learn to navigate in the envi¬ 
ronment. Later, the process of evolution 
gave the hippocampus the ability to de¬ 
tect other types of contexts also. 

Let's first consider the spatial func¬ 
tions of the hippocampal formation. 
Suppose you are standing in an environ¬ 
ment similar to the circular water maze J 
described earlier: a large field covered 
with grass and surrounded by distinctive 
objects such as trees and buildings. You 
are familiar with the environment, hav¬ 
ing walked across it and played games 
on it many times. If someone blindfolds 
you and then picks you up and drops 
you somewhere on the field, you will 
recognize your location as soon as you 


remove the blindfold. Your location is 
defined by the configuration of objects 
you see—the relationship they have 
with respect to each other. You will get 
a different view of these objects from 
each position on the field. Of course, if 
there are distinctive objects present on 
the field itself (trees, garbage cans, 
drinking fountains), the task will be 
even easier because you can judge your 
position relative to nearby objects as 
well as distant ones. 

How can we put all the information 
about the hippocampal complex to¬ 
gether? As you will recall, the hip- 
pocampal complex receives information 
from all regions of the sensory associa¬ 
tion cortex and from the motor associa¬ 
tion cortex of the frontal lobe, it also re¬ 
ceives information from the amygdala 
concerning odors and dangerous stimuli. 
Thus, the hippocampal complex knows 
what is going on in the environment, 
where we are located, and what re¬ 
sponses we have just made. It also 
knows about our emotional state: 
whether we are hungry, frightened, and 
so on. Thus, when something happens, 
the hippocampal system has all the in¬ 
formation necessary to put that event 
into the proper context. 

What does context have to do with 
declarative memory deficits? Let's go 
back to a study involving someone with 
hippocampal damage and consider why 
that person can learn a non declarative 
task but cannot recall anything about 
the experience later Consider a normal 


person learning to press a panel with a 
picture of a circle on it, as patient H. M. 
did in the experiment by Sidman, Stod¬ 
dard, and Mohr (1968). While the per¬ 
son is seated in front of the apparatus, 
his or her hippocampal formation re¬ 
ceives information about the context in 
which the learning is taking place: the 
room, the other people present, the per¬ 
son's mood, and so on. These pieces of 
information are collected and are some¬ 
how attached to the patterns of activity 
in the association cortex in several dif¬ 
ferent regions of the brain. Later, when 
the person Is asked about the task, the 
question reactivates the pattern of activ¬ 
ity in the hippocampus, which causes 
the retrieval of the memory of the 
episode, pieces of which are stored all 
over the brain. Patient H. M., lacking a 
functioning hippocampal system, was 
unable to accomplish this act. 

This analysis is certainly speculative, 
hut I think it is consistent with the experi¬ 
mental data I have presented in this 
chapter. Of course, it is vague about 
many parts of the process. For example, 
just how does asking someone a question 
activate the pattern of activity in the hip¬ 
pocampus? And how, exaaly, are memo¬ 
ries "tied together"? How are pieces of 
information collected and attached to 
sets of neural circuits? Obviously, we 
need to think about these questions, de¬ 
sign clever experiments to obtain useful 
information, think about the questions in 
light of the new information, design 
more clever experiments.... 




KEY CONCEPTS 


THE NATURE OF LEARNING 

K l.uarniiijr takes many [buns. Hie most iiiipotTaiU eal- 
e^ories appear to be perceptual leai siiinuliis- 

respouse learning, motor learning, and relational 
leaniiug. 

2. Tlie Helib rule descrihes the synaptic change iliai 
appears to be reS[>ousi[)le for sumnlii.s-response 


learning: If an initially weak synapse repeatedly lires 
at th<‘ same time that the postsynapiic neuron fires, 
the svnajijse will become stivngiliened. 

LEARNING AND SYNAPTIC PLASTICITY 

3. l.ong-ierm [lotenlialion occurs when axons in ihe 
iiipjiocanipa] Tormaiion are re[>eaiedly stimulated. 
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L Assofialivi: lon^-tcrin jDotenliaiion apptnirs to follow 
tlic Hcbb rule and understanding it may help us uiv 
derstand the pliysiolo^ical l>asis of learning. 

5. Tlic speeial properties ofNMDA receptors as botli 
voltage- and neurotransmilier-depeiidem accrHint 
for associative long-term potentiation. 

(), fhe entry o] calciitni into dendritic spines activates 
en/ymes ifiai cause the insertion of’ AIM PA receptors 
into the posisynapiic ineinbrane and initiate striic- 
niral clianges in the syna[>sc. 


10. Electrical slimnlation of several parts of the brain^— 
especially the medial forebrain bundle—t:an rein¬ 
force an animars behavior. 

n. Reinforcing brain stimulation and natural rein¬ 
forcers are effective because thev cause the aciiva- 
tion o\ netirons in the mesolimbic system, vvliich 
release dopamine in the nitclens accumbens. 

1% Drugs dial block dopaminergic nansmission in the 
nuclei IS accumbens hlt>rk the reinforcing effects of 
electrical siitmilation of the brain* 


PERCEPTUAL LEARNING 

7, Learning to recognize complex stimuli involves 
changes in die association txn iex of tfie appropriate 
sensory nioflaliiy* 

CLASSICAL CONDITIONING 

8. Study of the role of the amygdala and associated 
structures in learning eonditiont'd emotional re¬ 
sponses has furdierefl our understanding of the 
physiological basis of classical condilitming. 

INSTRUMENTAL CONDITIONING 

d* Lhe fiasal ganglia appear to be involved in the re- 
tendon of learned l>eliaviors that have become au¬ 
tomatic and routine. 


RELATIONAL LEARNING 

nV. Damage to the bipptKampal formation causes a syn- 
di ome of anterograde amnesia, in which people can 
still learn to perform percepiuaL siimuhts-response, 
or motoi learning tasks but can no longer describe 
episodes from their lives that occur after tlie time of 
tile brain damage. 

14, Studies with laboratory animals suggest that die hip- 
p(*campal formation, vvhicli may tniglnally have de¬ 
veloped as [lari of’a median ism fbr spatial learning, 
is now also responsible fbr other forms of'relational 
learning, recognizing contexts, and coordinating 
learning that takes place in otlier parts of the brain* 


r SUGGESTED READINGS 1 


tki7/aiiiga, M, S* Past. Bvrkelfy* t^A: L'liivt'rsity of 

Clalifornia Press, 1998* 


l.isiiian, J., S< huliuan, 1 1., and (-line, 11. The inoleeiilar basis of 
ClaMKll fniK’lion in syua|)lic and beliavioiiral nieiiioi y .\Ve 
(a ir Rn Xn t tvsr/m rr, 2( H , 3, 175-190, 


Medaugh, J* T., Weinberger, N. XL, aiul Lyncli, (i. Brahi and 
Mt nmny: Mtuhtlafiiw and Mrdiatioa of Sntntlda.stifiR. New 
V( a k: O X fo y( 1 L' u i ve rsi t \ Pro ss, 1995. 

Sqiiirc, L, R,, and Kiuidd, K- R, Ahmoyy: froin .\iiiid to Moleaih's. 
New York: Seieniihc Ainericaii Library, 1999. 


SUGGESTED WEB SITES 




Neural Plasticity' and LTP Page 
http://hailux.mectschool.hscbklyn.edU/-eric/#Plastica 

fhe site coniaiviN tnUn ials relaiiiig tt) iieiiial tihisiit itv and lo 
Umg-lei ill poifiiuaiion. 

Medial Temporal Lobe and Memory 
htt p ://th a I a m u s. wu St I. ed u/c 0 u r$e/l i m b ic* htm I 

The siie contains an ovi-rview of die linil>ic sysieiii anatoinv 
snpplenienied hy several line-ail tliagiains illnstiaiing die 
anatornv of the amygdala arul liipporainpus. 


Learning and Memory 
http ://bre m bs. n et/ 

This site pnn ides a ijasic imorial on nu'chaiiisms of learning 
and of iiieiiiorv. 

Tutorials on Learning and Memory 

http://psy 7 Tdur,ac*uk/Education/memory/fndex. html 

The site coniainsa link 1o a tuiorial on learning and memory. 










CHAPTER OUTLINE 


Human 



Communication 




1 . Describe the use of subjects with brain damage in the study of language and 
explain the concept of lateralization. 


2 < Describe Broca's aphasia and the three major speech deficits that result from 
damage to Broca's area; agrammatism, anomia, and articulation difficulties. 

3, Describe the symptoms of Wernicke's aphasia, pure word deafness, and transcortical 
sensory aphasia and explain how they are related, 

4 . Discuss the brain mechanisms that underlie our ability to understand the meanings 
of words and to express our own thoughts and perceptions in words, 

5i Describe the symptoms of conduction aphasia and anomic aphasia and describe 
research on the neurai basis of bilingualism. 

6, Describe pure alexia and explain why this disorder is caused by damage to two 
specific parts of the brain, 

7 , Describe whole-word and phonetic reading and discuss three acquired dyslexias: 
surface dyslexia, phonological dyslexia, and direct dyslexia, 

8, Explain the relationship between speaking and writing and describe the symptoms of 
phonological dysgraphia, orthographic dysgraphia, and semantic (direct) dysgraphia. 


9. Describe research on the neurological basis of developmental dyslexias. 


■ Speech Production and 
Comprehension: Brain 
Mechanisms 

Lateralization 

Speech Production 

Speech Comprehension 

The BtlinguaJ Brain 

Prosody: Rhythm, Tone, and 
Emphasis in Speech 

INTERIM SUMMARY 

■ Disorders of Reading 
and Writing 

Relationship to Aphasia 

Pure Alexia 

Toward an Understanding of 
Reading 

Toward an Understanding of 
Writing 

Developmental Dyslexias 

INTERIM SUMMARY 





PROLOGUE 


Can't Hear Words 


Dr* D. presented the case, "Mr, S. had 
two strokes about ten years ago, which 
damaged both temporal lobes* His hear¬ 
ing, tested by an audiologist, is in the 
normal range. But as you will see, his 
speech comprehension is deficient," 

Actually, as we soon saw, it was 
nonexistent. Mr, S, was ushered into the 
conference room and shown an empty 
chair at the head of the table, where we 
could ail see and hear him. He looked 
calm and unworried; in fact, he seemed 
to be enjoying himself, and it occurred 
to me that this was probably not the 
first time he had been the center of at¬ 
tention. I had read about the syndrome I 
was about to see, and I knew that it was 
very rare, 

"Mr. S,, will you tell us bow you are 
feeling?" asked Dr* D. 

The patient turned his head at the 
sound of his voice and said, "Sorry, I 
can’t understand you." 

**How are you feeling?*" he asked in 
a loud voice, 

"Oh, I can hear you all right, I just 
can't understand you. Here," he said, 
handing Dr* D* a pencil and a small pad 
of paper. 


Dr, D, took the pencil and paper and 
wrote something* He handed them back 
to Mr* S*, who looked at it and said, 
"Fine. I'm just fine*" 

"Will you tell us about what you 
have been doing lately?" asked Dr. D, 
Mr, S* smiled, shook his head, and 
handed him the paper and pencil again. 

"Oh sure," he said after reading 
the new question, and he proceeded 
to tell us about his garden and his 
other hobbies. "I don't get much from 
television unless there are a lot of close- 
ups, where I can read their lips. I like to 
listen to music on the radio, but, of 
course, the lyrics don't mean too much 
to mei" He laughed at his own joke, 
which had probably already seen some 
mileage. 

"You mean that you can read lips?" 
someone asked. 

Mr. S. immediately turned toward 
the sound of the voice and said, "What 
did you say? Say it slow, so I can try to 
read your lips." We all laughed, and Mr, 
S. joined us when the question was re¬ 
peated slowly enough for him to de¬ 
code, Another person tried to ask him a 
question, but apparently his Spanish ac¬ 


cent made it impossible for Mr. S. to 
read hts lips. 

Suddenly, the phone rang. We all, in¬ 
cluding Mr. S., looked up at the wall 
where it was hanging, "Someone else 
had better get that," he said, "I'm not 
much good on the phone," 

After Mr, S, had left the room, some¬ 
one observed that although Mr. S/s 
speech was easy to understand, it 
seemed a bit strange. "Yes," said a 
speech therapist, "he almost sounds like 
a deaf person who has learned to talk 
but doesn't get the pronunciation of the 
words just right" 

Dr, D. nodded and played a tape for 
us, "This recording was made a few 
months after his strokes, ten years ago." 
We heard the same voice, but this time 
it sounded absolutely normal. 

"Oh," said the speech therapist. "He 
has lost the ability to mor^itor his own 
speech, and over the years he has for¬ 
gotten some of the details of how vari¬ 
ous words are pronounced*" 

"Exactly," said Dr D. "The change 
has been a gradual one." 


V erbal fxTiaviors constitute one cjf the most iniporiant classes of liiinian social 
heliavior. Our cultural evolution has been possible because we can talk and lis¬ 
ten, write and read. Language enables onr discoveries lo be cumulative; knowl¬ 
edge gained by one generation can be passed on to the next. 

The basic function of verbal communication is seen in its et iecis on other peo¬ 
ple. When we talk to someone, we almost always expect onr speech lo induce the per¬ 
son to engage in some sort oi behavior. Sometimes, the behavior is of f)bvions 
advantage to ns> as when we ask for an object or for lielp in performing a task. At 
other times we are simply asking for a social exchange: some alteiilion and perhaps 
some conversation, Facii ‘Idle" conversation is not idle, because it causes amnher 
person to look at us and say something in return. 

This chapter clisensses i!ie neural basis of verbal hebavior: talking, understand¬ 
ing speech, reading, and writing. 


Speech Production and Comprehension: 
Brain Mechanisms 


Our knowledge of the physiolog\^ of language has been obtained primarily bv ol> 
serving the effecis of brain lesions on people's verbal behavior. Although investiga- 
tors have studied people who have undergone brain surgery or who have sustained 
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cerebrovascular acddent A 

"stroke": bram damage caused by 
occlusion or rupture of a blood 
vessel in the brain. 

aphasia Difficulty in producing or 
comprehending speech not pro¬ 
duced by deafness or a simple 
motor defictt; caused by brain 
damage, 

Broca's aphasia A form of apha- 
sfa characterized by agramma¬ 
tism. anomia. and extreme 
difficulty in speech articulation. 

function word A preposition, ar¬ 
ticle, or other word that conveys 
little of the meaning of a sentence 
but is important in specifying its 
grammatical structure. 

content word A noun, verb, ad¬ 
jective, or adverb that conveys 
meaning. 


licaci iii jnrics, brain luitiors» ur infections^ most of Uie of>sei vations fiave f>eeii iiiade 
on people wfio liave suf fered strokes, or cerebrovascular accidents, i\s we will see in 
C'ltapLer 14, Lite most common type of cerebrovasciihu accident is eaiised by t)b- 
struction of a IjIochI vessel* Tlie intei riiption in blood flow deprives a rej^ion of'die 
brain ol its blood supply, which causes cells in that region to die. 

A second source of information abotn i\w physiohj^' of language comes from 
studies using functional imaging devices* In recent years, researchers have useci PKT 
functional MRl to gather information about language processes from normal siil> 
jects. In geuerah these studies have confirmed or complemejited what we have 
learned by stndving patients with lirain damage. 

The most important category of speech disorders is aphasia, a primary distur¬ 
bance in the comprehension or production of speech, caused by lirain damage. Not 
ah speecli disturbances are aphasias; a patietu must have diflicuhv comprehending, 
repealing, or producing meaningful speech, and this diflicuhv must not be caused 
bv simple sensory oi‘ motor deficits or by lack of motivation. Fiir example, inability 
to speak caused by deafiiess or paralysis of the speech muscles is not cfuisidered to 
he aphasia. 


Lateralization 

Verbal beliav iur is a ^//cmfoWl’nnctinn; most language disturbances occur after dam¬ 
age to the left side ol the brain, whether ]>eople are left-handed or right-hajulecL los¬ 
ing an ultrasonic procedure to measure changes in cerefn al blood How while ]>eoj)lc 
performed a verbal task, Kneclu el al. (2(MH1) assessed the relati<niship between 
handefiness and lateralization ol speech mechanisms in people without any known 
brain damage. Thev found that right-hemispliere speech dominance was seen in 
only 4 [lercent of right-handed people, in 15 percent of ambidextrous people, and 
in 27 [>ercent of left-handed peojiie. If'lhe left hemisphere is malformed or damaged 
early in life, then language dcmiinance is very likely to pass to the right hemisphere 
(Vikingstad el al*, 2000), Because the left hemisphere oi'approximately HO percent 
of the total population is dmninaiit h>r speeclt, you can assume that the brain dam¬ 
age describeti in this chaptei^ is located in tlie left (s]>eech-tltmiinani) hemisphere 
unless I say otherwise. 

Why is one liemisphere specialized ibr speech? The perceptual funedons of the 
left lie mi sphere are more specialized foj- the analysis of secjuences of stitnuli, occur¬ 
ring one after the other, The perceptual f imctions of the right hemisphere are more 
specialized for the analvsis of space and geometrical shapes and forms, the elements 
of svhich are all present at the same time. Speech is cenainly sequential; it consists 
of se€|Uenees ol’words, ss hich are conqxjsed of .sequences oi sounds. Therefore, it 
makes sense foi' the left hemisphere iu have hectnne specialized at perceiving 
speech. In addition, the left hemisphere is involved in the control of sequences 
of vohnuaiy movements. Perhaps this fact accounts lor the localization of neural 
circuits involved in speech produciion, as well as speech perception, in the left 
hemisphere. 

Although the circuits that are Itrhftariiy involved in speech compiehension and 
production aiv hicated in one hemisphere (almost alwavs the lel’l hemispliere), it 
wtmld he a misiake to conclude that the other hemisphere jdays nt> role in speech. 
Speech is not simply a matter of talking; it is also having something to say. Similarly, 
listening is not simply hearing and recognizing words; it is understanding the mean- 
itig of what has been said. \Mien we hear and understand woi ds and when we talk 
about or think about onr own perceptions ot menxn ies, wx" are using neural circuits 
l>esides those directly invtilved iu speech. Tlius, these circuits, t(>o, play a role in ver¬ 
bal heha\ ior. For example, damage to the right liemisphei e makes it dif ncull for a 
]>ersoit to read ma[>s, perceive spatial relationships, and recognize comj)lex ge«> 
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meirical forms. People with such chuiiagc also liave trouble 
talking about things like maps anti complex geometrical 
forms or unclersiantliug what other people say ahotn them. 
The right hemisphere also aj^pears to he invt>lvefl in orga- 
ni/ing a narrative—selecting and assembling the elements of 
what we want to say (Chirdner el al., 19M3). As we saw^ in ("haf>- 
ler 10, the right hemis|>hei e is involvetl in the expression and 
recognition of emoiion in the tone of‘voice, And as we shall 
see in this chapter, it is also involved in cuiurol of fnosndy— 
the normal rhythm and stress iVniud in speech. There!ore, 
hotli hemispheres oIThe brain have a contribution to make 
to onr language abilities. 


speech Production 



Being al^le to talk—that is, to produce meaningful speech— 
letjuires several abilities, Fiisl, the person must have some¬ 
thing to talk about. Let us consider wliai this means. We can 
talk about something that is currently happening or some¬ 
thing that happened in tlie past. In the first case we are talk¬ 
ing about our perceptions: things we are seeing, hearing, 
feeling, smelling, and so on. In the second case we are talking 
about our memories of w^hat happened in the past. Both per- 
ce ]3 lions of eurrenl events and memories of events ill at oc¬ 
curred in the past involve brain mechanisms in Uie posterior 

part ol the cerebral hemispheres (the occipital, temporal, and [jarietal hthes), Thns, 
this region is largely responsible for our having something to say. 

Cdven that a person has something to say; actually saying it requires some aildi- 
lional brain functions. As we sliall sec in this section, the convet sion of perceptions, 
memories, and tfioughts into speech makes use oihieural mechanisms located in the 


speech entails more than the production of words: Before 
we can communicate, we must have something to say. 


i'rontal lobes. 

Damage to a region of the inferior left frontal lobe 
(Broca's area) disrupts ilie ability to speak: It causes 
Broca’s aphasia. Tins disorder is t:haracteri/e<l by .slow, 
laborious, and non fluent speech. Wlien trying to talk 
with ]:)alients who have Broca's aphasia, most people 
find it hard to resist supplying the words the patients are 
obviously groping for But although tlicv often mispro¬ 
nounce words, the ones they manage to come out with 
are usualiy meaningful, Tlie posterior part of the cere¬ 
bral hemisplieres has something to say, hut die damage 
to die Iroiual lobe makes it difficult for die patients to 
express these ihongliis. 

People with Broca's aphasia find it easier to say 
some types of words than others. They have great cliffi- 
culty saying the little words with giammaiical meaning, 
such as ft, svj/wc, in, or fthonJ. Tlicse wtirds are called 


Function words, because they have imptirtant grammai- 
jcal functions. The words that thev tin manage to say are 
almost entirely content words—words dial convey mean- 
ing, inckiding nouns, verbs, acljeclives, and adverbs, 
such as honse, thww, fir herwy. Here is a sam[>le oi 

speech fitim a man with Brtxa's aphasia, who is trying to 
describe the scene shown in figure I3.L As yon will see, 


Figure 13.1 

The drawing of the kitchen story, part of the Boston Diagnostic 
Aphasia Test. 



From Goodglass. H.. and Kaplan. E, The Assessment of Aphasia and 
Related Disorders. 2nd ed. Philadelphia; Lea & Febiger, 1983. Reprinted 
with permission, 
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Broca's area A region of frontal 
cortex, located jusi rostral to the 
base of the left primary motor 
cortex, that is necessary for nor¬ 
mal speech production* 

agrammatism One of the usual 
symptoms of Broca's aphasia; a 
difficulty in comprehending or 
properly employing grammatical 
devices, such as verb endings and 
word order, 

anomia Difficulty m finding [re¬ 
membering) the appropriate word 
to describe an object, action, or 
attribute, one of the symptoms of 
aphasia. 


Figure 13.2 


The location of the primary speech areas of the brain. {Wernicke's 
area will be described later*) 

Broca's 



his words arc meanijigful. but wliat he says is certainly not graiiiniatical. The dots in- 
dicatc kmjr pauses. 

kid * * * kk , . . can . . * candy . *. a)okie . . * candy * * . well I don't know l>nt if s 
writ . ,, easy does it . * * slain * . . early . . * fall . * * men . * . many no , , * girl. 

Dislies * * * soap , . , soaf>. . * water . .. water . . * Tailing pah tliai*s all * * . 
dish * . . that's alL 

(>K>kies . . . can , , * candy . * * cookies cookies . * * he * . . down * * . That’s all. 

Uirl . .. slipping water . . * water . .. and it hurts . * . much to do * . . Her * . . 
clean up ... Dishes . * . np there ... I think that’s doing it. (Older and tijerlow, 
HlWkp. 41) 

People with Broca’s aphasia can coinpreliend speecli much better than they can 
produce it* hi iact, stnne observers liave said that their coitiprebension is nnini- 
paired, but as we will see, this is not quite irne* Broca (1861) suggested that this 
Torni of aphasia is produced by a lesion of the iruiital association cortex, just aute¬ 
nor to the face region ol ilic primary motor cortex. Subsequent research proved him 
to be essendally con eel, and we now call the region Broca’s area. (See Figure 13.2,) 
Lesions that produce Broca’s aphasia are certainlv centered in the viciniiv oj' 
Broca’s area* However, damage that is restricted to the cortex t>f' Broca’s area does 
not appear to produce Broca’s apliasia; the damage must extend to surrounding re¬ 
gions oi the frontal lobe and to the utulerlying subcortical wiiite matter (H* Dama- 
sio, 1989; Xacser ei al*, 1989). \n addition, there is evidence that lesions of the basal 
ganglia—c'specially the head of tlie catidaie nucleus—can also ju’odiice a Broca-like 
ajjliasia (Damasio, Kslinger, aitd Adams, 1984)* 

Watkins et al* (li()02a, 2(K)2h) studied three generations of the KK family, half of 
whose members are af fected by a severe .speech and language disorder caused bv the 
mutation ol a single gene found on chromo.some 7* The primary deficit appears to 
involve the ability to perform the sequential movements necessat y fur speech, but 
tlie people also have difTiculty repealing sounds they hear and lunning die past tense 
of verbs* Tlie mutation causes abnormal development of the caudate nudetis and 
the lef t inferior frontal cortex, including Broca's area* 

\Miai do the nt‘iiral circuits in and around Broca’s area do? Wernicke (1874) 

suggested that Broca’s area contains motor nieniorie.s—in 
)jariicular, ?firmones of (he sefiueoees of musniiur moifement^ 
that are neef/ed to artirulate words. Talking involves rapid 
movements of the longue, lips, and jaw, and these move¬ 
ments must be coordinated with each oilier and with 
those of the vocal cords; thus talking retjuires some very 
sophisticated moicjr control mediani,sms* Obviously, cir¬ 
cuits of'neurons somewhere in oui brain will, when [>ro[>- 
ei ly activated, cause these sequences of movements lo be 
execiiled. Because damage to the inferior caudal left 
li'ontal lobe (including Broca’s area) disrupts the ability 
to articulate worxls, this region is the most likely caruli- 
date for die location of these ‘'programs.” The fact that 
this region is directly connected to the part of the primary 
motor cortex that controls the muscles used fcjr speech 
certainly supports this conclusion* 

But the speech functions of the left frontal lobe in¬ 
clude more than programming the movements used to 
speak. Broca’s aphasia is nuicli more than a deficit in pro¬ 
nouncing words* In getieraU thiee major speecli deficits 
are [iroduced by lesions in and around Broca’s area: 
ag)fitfimatis7n, anomia, and attiailation diffimilies. Although 
most patieuLs with Broca’s aphasia will have all of these 
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cldicils u> SOUK- dcgroo> tlioir severity can vai y coiisiclcrablv (Wnii person to ptason-— 
prcsnniabiy, because their brain lesions dilfen You can also fiear ifie voice ol an 
agiannnaiic patient and one wiili articulation dillkuliies in Ammation Voices of 
Aphasia: Broca's Aphasia. 

Agranimatism rei’ers to a paiicni's difFicuity in using granunatical Cf)nstr net ions* 
This disorder can appear all by iisell, wiiinnit any diniculty in pronouncing words 
(Nadeau, 1988), As we saw; peo[>ie with Broca's apfiasia rarelv use 1 unci ion words. 
In addilion, they rarelv use grainluaiical markers such as -cd or auxiliaries such as 
hfijfc (as in / hrnff 'For some reason, ibev r/eoften use-/«g, pei haps because iliis 
ending converts a verb into a noun. A studv b) Salfran, Scbwan/, and Marin 
(1980) ilhisirates this diinculty, I’lie (dllowing quotations are from agrammaiic pa- 
lien ts attempting to describe jjictures: 

rift are of a boy being hi f tu the hmd by a basebail 

Tlie liny is catch . , . die l>oy is liit( li . , , the hoy is liii die liall. {,Sanran, ,Scliwari/, 

and Marin. 1980, p. 22i)) 


Animation 13.1, Voices 
of Aphasia: Broca's 
Aphasia, lets you hear 
the speech of patients with dif¬ 
ferent forms of this disorder. 



Pi rime of a girl ghtiifg flmeers f(f her tearher 

(Jirl . . . wants to . .. Bowers., . Bowers and wants ui* . . . 
to. .. . I’he girl wants to . . . the Btjwers and die vvoiiian. 
Marin, 1980, ]x 234) 


File woman ., . wants 
(SalTran, Scliwart/, and 


Figure 13.3 


So fin; 1 have described Broca's a]>basia as a dismcicr in s[>eecli prod net ion. Tlie 
su iking liisparity lielween tlie sjjeeeli and Lomprehensioii of people wntli Broca's 
apliasia often leatls people to assume ilial dieir comprehensinu is nonual. Bui it is 
not. Schwartz, SanVan, and Marin (1980) showeti Broca's apliasics pairs ol pictui es 
ill which agents and objects ol tlie action were reversed: for example, a liorse kick- 
ing a cow and a cow kicking a horse, a truck pulling a car and a car pulling a truck, 
and a dancer applauding a clown and a clown applauding a dancer. As they showed 
each pair of pictures, ihey read the subject a senience, for example, ihe horse hirks 
fhe fonK The subjects' task was lo [>oiut lo die appropriate pic¬ 
ture, indicating whcdlier iliey understood die grammatical 
construction o[ the sentence. (See Figure /!.>,) Fhev pei- 
(drmed very poorly. 

The correct jjicturc in the study by Schwai tz and lier coF 
leagne.s was speedied b\ a particular aspect of‘grammar: word 
order, 7'he agrammatism that accompanies Brora's aphasia af> 
pears lo disnipi paiients' abiliiv to use grammatical iuldnna- 
don, including word order, lo decode the meaning o( a 
sentence, riius, ilieir deBcii in ct>inprebeusion parallels ilieir 
debcil in production. 11 lliey lieard a sentence such as llte man 
the }nos(juitOy they would understand ill a I it concerns a 
man and a mosquito and the action oT sw-atling. Thev would 
have no trouble Tlguring out who is doing what to wlioni. Bui 
a senience such as I'he horse hiehs the 0^7^ floes not provifle am' 
extra cues; if the grammar is mit niHler.siooch neither is the 
meaning of the senience, 

'File second major speech deficit seen in Broca's aphasia 
is anomia ('ViilKini name"). Anomia relers to a word-1 iiul ing 
{lilficulty: and because all apliasics omit words or use inap- 
projDi iaie fines, anomia is actually a jirimary SMiiptom of all 
forms of aj:)liasia. However, because the .speech of Broca's 
aj^ihasics lacks fluency, their antiniia is especially a}ipareni; 
their facial expression and frequent use of soinifls like Aih" 
make ii obvious that they are gro]>ing lor the correct woixls. 


An example of the stimuli used in the experiment by 
Schwartz, Saffran, Marin (1980). 
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TIk‘ ihii d major characteristic oi Bruca s aj^liasia is artindadou. Pa¬ 

tients mispronotmee words, oi teti altering tlie sequence of sounds. For example. Vijh 
siirfnm^bl be pronounced 'likstip/' People witli Broca’s a[jliasia recogni/.e that ilicir 
pronunciation is erroneous, and they nsiialh U y tt> ecu i eel ii. 

i hese three deilcits are seen in various combinations in dii'ferent j^aiients, <le’ 
pending on the exact locaUon of the lesion anrl, to a ceriain extent, on their stage 
of recovery. We can think oi‘these deilcits as constituting a hierarchy. On the lowest, 
most elemejilary level is control of tite secjuence of movements of the mnsclt^s of 
speech: damage to tins ability leads to articuiatit>u difficulties. The next higher level 
is selection of the particular ^'programs’’ for individual words; damage to ihis ability 
leads to anomia. Finally, tlie highest level is seleciion of grammatical structure, in- 
eluding word f>rder, vtse of funclifni words, and word endings; damage to ifnsahihiv 
leads to agrammatism. 

We might expect that the diieci cctnirol of arttculaiion would involve the face 
area ol’ the primary motor cortex and portions of the basal ganglia, while the selec¬ 
tion of words, word order, and grammatical markers would involve Broca’s area and 
atljaceiu regions of the frontal association cortex. Sontc recent studies indicate dial 
dilTerent categories of svniptoms of Broca’s apliasia do, indeed, involve different 
brain regions. Dixmkers (1996) appears to have found a critical locati<Hi for control 
ol speech articulaiion: tire left precentral g\’rus of the insiiUu The insular cortex is k>- 
catefl on die lateral wall ofTlie cerebral hemisphere behind ilie antent>r lempiiral 
loh(‘. Normally, this region is liidden and can ])e seen only when the tenifxiral lobe is 
dissected away. {See Figure 13,4.) Dronkerstliscovei ed the apparent role of this region 
by plotting the lesions of [ialients with and without apraxia of speech who had strokes 
that damaged the same general area of the hraiin (Apraxia of speech is an im[5air- 
mem in the ability to program nmvements ol the tongue, lips, and iliroat that are re¬ 
quired to produce the proper secjUence of speech sounds.) Fignri^ 13.5(a) slums the 
overlaj) of tlie lesitins ol tweniv-iive patients with apraxia of sj^eech. As you can see, a 
region of 100 percent overlap, shown in yellow, falls on the left ]?receniral g\rns of the 
insula. (Sev Figure 13.5a,) In contrast, ^/r^//cof the lesions of iiineleen patients who did 
not slum apraxia of speech included damage u> this region. (See Figure 13,5b.) 


Figure 13.4 

The insular cortex, normally hidden behind the rostral temporal 
lobe. 


Frontal lobe 
pulled up 



Insular cortex 


Figure 13.5 

Evidence for involvement of the insular cortex in speech 
articulation. Percentage overlap In the lesions of twenty-five 
patients (a) with apraxia of speech and (b) without apraxia of 
speech. The only region common to all lesions that produced 
apraxia of speech was the precentral gyrus of the insular cortex. 



From Dronkers, N. F. Nature, 1996, 384, 1 59-161, Copyright 1996 
Macmdian Magazines Limited, Reprinted with permission. 
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Ai least two Innctional imaging studies support Dronkers's eoiiclusiou* Kuiiki, 
Mori, and Hirata (1999) aud Wise et al. (1999) found that pidiuniciation ul words 
caused activation tjfilie left anterior insula. 

Speech Comprehension 

Ck>iiipreliension of speech obviously begins in the auditorv sysiem. wliicli delects 
aud analwes sounds. Wui wro^nizhi^ warch is one thing; \hvm —^tin- 

derstanding their uieanjiig^—is anoihen For example, we can learn to recogtil/e a 
foreign word we have heard several times even though we do not nitdersiand its 
meaning, Recogni/ing a spoken word is a complex perceptual task that l elies on 
memories ol sequences ol sounds. This task appears to be acconqilished by ncmral 
circuits in the middle and posterior portion of the superior temj^oral g\j us of the 
left hemisphere, a region that has come lo be known as Wernicke’s area. (Refer to 
Figure 13.2.) 


Wernicke's Aphasia: Description 

rite jjiimai y chat acierislics of Wernicke’s aphasia are poor speech compre" 
hcnsion and production of ineaiiingless speech. Unlike Broca's aphasia, Wernicke's 
aphasia is fluent and unlabored; the person does not strain to ariicnlale words and 
does not appear to be searching Idr tlKUii, The patient mainiainsa melodic line, with 
the voice ri.sing and falling normally. W hen yon listen to the speech of a person with 
Wertneke's aphasia, it ap]>ears to he grannnaticaL That is, the person uses function 
words such as ///rand /////and etnf>loyscomplex verb tenses and subordinate clauses. 
I Inwever, the pet son uses few conieiit words, and the words that lie or she string.s tn- 
gelher jusi do noi make sense. In the exit erne, speech cleteriorates into a meanings 
less jumble, iliusiraietl by the ibilowing cptotaiion: 

Examitin: What kind of wtirk difi vou do befc/re voii came into the lnjs[)ttal? 

Eatieitf: Never, now rnista ovge 1 wanna tell von this hap|>etie/l when bap]>eiied 
when he retil. llis"his kell come down here and is—^he got ren something. 
U happened. In lliesse ro[iiers were with him for hi—is friend—like was. And 
it just happened so I doiTi know, he did m>t l/nngaroniui anything. And he 
did not pay it. And he roden ail t> these arranjen from ilie pedis on from iss 
])escid. In lliese Ihiors now and so. Me hachrt had em round here, (Kertes/, 
1981, p. 7:i) 

Because of the speech deficit of people with Wernicke's aphasia, when we try to 
assess their ability to Cfnn])tehend speedi, we must ask them to use noitverhal re- 
.spouses. Tliai is, we cannot assume that they do not undersiaiul what other people 
say to them Just heeause they do not give the proper answer, A cominoiilv usetl test 
of comprehension assesses their abiliiv to undersiand t|itesnoiis hv pointing to ol>- 
jccls on a table in from of them. For example, tliey are asked to "Poitu to ilu^ one 
witli ink," IfThey jioini to an object other than the pen, thev have not understood 
the request. Wlien tested in this way, [/eople with severe Wernicke's aphasia do itv 
deed show poor compreltension. 

A remarkable fact ahnni peojjle widi Wernicke's aphasia is that thev often seem 
unaware of their deilcil. That is, they do not appear to recogni/e that their speech 
is faulty, noi‘ do they recognize that thev cannot mulerstand the speech (ifotliers, 
Tliey tlo not look puzzled when someone tells them sonieLlting, even thougfi ilicv 
oh^ ioiisly ran not understand what thev hear. Perliaps their eotn prehension deJlcit 
[irevetus them Irom realizing that w'hai thev say and hear makes no sense, Thev still 
follow social enliventiotis, taking turns in conversation vviili ilie examiner, even 
tlinngli they do not niiderstarid wliat the examiner savs and what they sa\ in retnrti 
makes little sense, I'liey remain sensitive lo the other perstm’s facial expression and 
tone of voice and begin talking when lie or she asks a que.stion and pauses for an 


apraxia of speech impairment in 
the ability to program movements 
of the tongue, lips, and throat 
required to produce the proper 
sequence of speech sounds. 

Wernicke's area A region of au¬ 
ditory association cortex on the 
left temporal lobe of humans, 
which IS important in the compre¬ 
hension of words and the produc¬ 
tion of meaningful speech. 

Wernicke's aphasia A form of 
aphasia characterized by poor 
speech comprehension and fluent 
but meaningless speech 
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Animation 13.1, Voices 
of Aphasia: Wernicke's 
Aphasia, lets you hear 
the speech of patients with this 
disorder. 



Animation 13.2, Speech 
Perception, lets you hear 
the transformed speech 
used in the experiment by Scott 
and her colleagues. 



j pure word deafness The ability 
to hear, to speak, and (usually) to 
read and write without being able 
to comprehend the meaning of 
speech; caused by damage to 
Wernicke's area or disruption of 
auditory input to this region. 


iinswcr. Ono patiem wiili Weniickf's apliasia iiiaclo tlir fblltming rcs[>«>n.scs when 
asked u> name ten common objects* 

toolhhrush '^siokiei v"' 

I* 

cijrarrt fc —¥ ‘'c iite” 
pen —> *'lankr' 
knifes "nike" 
fork *1’ahk^^ 
ijuarter—¥ '‘minkt” 
pen "spen tee" 
matches —> '"seiiktr" 
hn '‘seek" 
etnnh^ ‘\sahk" 

l ie aeied sure of liimseK and ^ii\v no indicanon that lie lecogni/ed lliat most ol’liis 
lesjjonses were nrcaiiingless, Tlic responses he made were nol simplv new words dial 
he liad inveiUed; he was a.sked seveial times to name tile ol>jeels and gave diriereni 
responses eaeli lime (except for rifrarelte, wliieh he ahvays named correclly)* '^bii can 
liear die s[>eecli of people with Wernicke's aphasia in Animatiojt 13.1^ Voices of Apha¬ 
sia: Wernicke's Aphasia. 


Wernicke's Aphasia: Analysis 

Ik-ranse ihe superior lemporal l^ rus is a region of auditory association cortex, 
and because a ct>mprehension deficil is so prominent in Wernicke's apliasia, diis dis¬ 
order lias been characteri/ed as a mc/j//eca])liasia. \\ernieke suggested that the re¬ 
gion iliai now hears liis name is the location ol' memories of Ike seqnenees of son nth that 
eons/itale words, riiis hypothesis is l easoiiable; it suggests ihai the auditory associaiirm 
cortex ol the superior temporal g\’rus recognl/es ihe sotmds olbvoi ds. just as the vi¬ 
sual association cortex of the itiferior ienipt>ral g\‘rus jvcognizes ihe sight of objects* 

Bui whv should damage to an area that is respousil>le for the aliilitv to rect^giii/e 
spoken words disruj^t peo[5k‘’s ability to speak? In lact* it does not; Wernicke s ajjliasia, 
like Broca's afjha.sia, acinaMy a[>[)ears to consisi of several deficits* The abilities that are 
disrupted include retoi^nifinn of spoken mmis, romprekension oj ike meaningofiifords, and the 
akdily lo eomfeil tkongkis into mods. Let us consider each of these abilities in lui n. 

Recognition: Pure Word Deafness. As I said in the inirodnciion to this section* 
rerognizini^A word is not the same as romprehendinfrU. If voii hear a foreign word sev¬ 
eral limes, you will learn lo recogni/.e it; hni unless someone lelis vou what it means, 
you will not eoniprehend ii. RecogniUon is a ]>ercef>tual task; compieliensioii in¬ 
volves retrieval ofaddiiional iiilbrmaiioii irom memorv. 

Damage to the left temporal lobe can produce a dis<n(ler o( auditory woixl 
recogniiion, unconianiiuated by oilier prohleiiis* I his syndrome is calleil pure word 
deafness* (Mr* S*, ihe patient described in the clia[>ter prologue, had this disorder.) 
Although people willi pure word deafness aie not deaf, they cannot undersiand 
speech* As one palient pul il, ‘‘I can hear you talking, I just can't undersiand wliat 
you're saving." Anodier said, ""It's as it there were a hvpa.ss somewhere, and my ears 
were not eonnecletl to my voice" (Salfran, Marin, and Yeni-Konishian, 1976, |). 211). 
Tliesc patients can reeogni/e nons[>eecli .sounds such as the harking of a dog. the 
sound of a doorbell, and the chirping of a bird* Ofieii, they can recognize lire emo- 
titm expre.ssed by the intonation of speech even though they caiinoi undersiand 
what is being said* More sigiiifkanlly, their own speech is excellent. They can often 
understand what other pei^ple are saying by leading their lips. They can also read 
and write, aiul they sometimes ask petiple lo cumin in licate with them in writing. 
( nearly, pure word deafness is not an inability to eoniprehend llie meaning of words; 
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i( ii weie, people wnU this disorder wotild iioi he able to 
l ead jx^ople’s lips or read words wriiieii oo paper. 

Fimciiooal iiiiagtnj^ studies coi if I rni dial [)ei cepiion 
of speech soumfs activates neurons In the auditory asso¬ 
ciation cortex of llie sujicrioi temporal g)’rus. Belin el al. 
(l^ddO) found iliat as they presented more anrf more dis¬ 
tort cfi speec h, they saw parallel decreases in die subjects' 
aliilitv to recognize words and tfie le\'el of activation of 
the snjierior temporal g\Tns. They also found rc'gions that 
were sensitive to nonspeech vocal sounds, sncli as lauglis, 
coughs, and siglis. 

Although several studies liave found ilun speedi 
sounds activale regions of tlie superior temporal cortex^ 
Scon el al. (20tK)) prepared a coin[>inen/:ecl tiansforma- 
lion of normal speec h that preserved the eoniplexitv of‘ 
the s])ec!^eh sounds f>nt rendered it nninielligihle. They 
also ]n e[>arecl a ti ansfot ination tliat removed most of the 
complexity of speech )>ut could nevertheless he under¬ 
stood, Scon and her colleagues found that two regions of 
the sLiperi<jr temporal lobe were activated by phonetic 
inidnnation—that is, speech sounds, regardless of in tell igi- 
bililw Anollier region was activau^d onlv bv intelligihiiitv'— 
speech dial c<juld he uiiderstooch regardless of comple^x- 
ity* Presumably, damage to this region {or to its inputs) is 
respotisihle tor pure woicl deafnc^ss. (See Figure 13.6 
and listen to the transformaiions in Animation 13.2^ Speech 
Perception .) 

Apparently, hvo types of brain injury can cause pure 
word deaf ness: disruption oi auditory inpiti to Wernicke's 
area or damage to Wernicke's area itself, nisrupiion of 
auditory input can be [>roduced by bilateral damage to 
the primary auditory cortex, or it can be caused by dam¬ 
age to the while matter in the left leinjjoral lobes that cuts 
axons bringing auditory infdi niation from the primai v 
anditoi V cortex to Wernicke's area (Digiovanni et al., 
1992; Taka basil! et al., 1992), Either tvpe of damage-dis- 
rnjnion of auditory input or datnage to Wernicke's area— 
disturbs the analysis of the sounds of words and lienee 
prewenis people from recogni/ing otfier ]>eople's speeeln 
(See Figure 13.7.) 


Comprehension: Transcortical Sensory Aphasia. The 
other symptoms of Wernicke's aphasia—‘failure to com¬ 
prehend die meaning of words and inahihiv to t^xpress 
thoughts in meaningful speech—‘apj^ear to be produced 
by damage that extends beyond Wernicke's area into the 
I egion that surrounds the jiosterior part of the lateral Irsr 
sure, near the Junction <>1 tlie temporal, occipital, and 
parietal lobes. For want of a belter term, I will refer to tliis 
region as the posifT/or ffingiuige atm. (See Figure 13.8.) Tlie 
pi>slerior language area appears to serve as a place for in¬ 
terchanging information between the auditory represen¬ 
tation of words and the meanings of these words, stored 
as memoi’ies in the rest ol the sensory association cortex. 

Damage to the posiericn' language area alone, which 
isolates Wernicke’s area from the rest of’ ilie posterior 


Figure 13.6 

Results of PET scans indicating regions of the superior temporal 
lobe that respond to speech sounds. Red: Regions that responded 
to phonetic information (normal speech sounds or a computer¬ 
ized transformation speech that preserved the complexity of the 
speech sounds but rendered it unintelligible). Yefhw: Region 
that responded to intetligible speech (normal speech sounds 
or a computerized transformation that removed most normal 
frequencies but preserved intelligibility. 

Speech sounds 



Inleltigible speech 


Adapted from Scott, S K., Blank, E. C., Rosen, S., and Wise. R, J. S, Brair}, 
2000. 2400-2406. 


Figure 13.7 

The brain damage that causes pure word deafness. 


Primary 

auditory 



Wernicke's area or 
interruption of auditory 
input 



Wernicke's 

area 
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Figure 13.8 

The location and interconnections of the posterior language area and an explanation of its role in 
transcortical sensory aphasia and Wernicke's aphasia. 



Primary 
auditory cortex 


Broca's 
area. 


Posterior 

language 

area 


Wernicke's aphasia is caused by 
damage to both regions; patient 
can neither understand the meanings 
of words nor repeat them 


Transcortical sensory aphasia is caused 
by damage to the posterior language 
area; patient cannot understand the 
meanings of words but can repeat them 


A direct connection between Wernicke's 
area and Broca's area enables patients 
with transcortical sensory aphasia to 
repeat words that they cannot understand 


transcortical sensory aphasia A 

speech disorder in which a person 
has difficulty comprehending 
speech and producing meaningful 
spontaneous speech but can re¬ 
peat speech; caused by damage 
to the region of the brain poste¬ 
rior to Wernicke's area- 


iaii^Likigt' area, produces a disorder known as transcortical sensory aphasia. (See Figtov 
13.8.) The difference between iraiiseoniatl sensory apliasia and Wernicke's aphasia is 
tliai paiienis with this dissui tier ran npraf whal othrrprofflr.sax la them,' tlierefoie, they can 
l eeogni/e vvotxls. Movve\'ei‘, thry rattnot rmnfaehettd l/ie meatthtgofivhat they hear ajirl rejjeut; 
noi ran thry fmKliire meatang/ul speerh of their otvn. Ilowcan these people repeal what lliey 
hear? Beeatise the posieritir langiiaj^e area is damaged, repetition does not involve this 
pat t of the bi aiii. Obviously iltere niiist be a direct conneciion between Wernicke s area 
and Bixica'sarea that bypasses the posterior language area. (See Figure 13.8.) 

Let me describe a case of'traiiscortical sensory aphasia. A woman snstaiued ex* 
tensive brain damage f rom breathing carbon monoxide pi odnced by a lauity water 
beater. She spent several years in the bospital before she died, withoiit ever saving 
anvlhing meaningful on lier own. Slie did itot follow verbal commands or otherwise 
give signs ofunderstanding them. However, slie often repeated what w'as.saicl to her. 
For example, if an examiner said "Please raise your right haiul," she would reply 
“Please raise your l ight hand." The repetiiiort was nut panx)tlikc; she did not imitate 
aeceiUs different from her own, and if someone made a grammatical error wliile say¬ 
ing something to her, s[>e sometimes repeated ihe senieiice correciiv, without the er¬ 
ror. She could also recite poems if someone slat ted them. For example, when an 
examiner said "Roses are red, violets are blue,” slie continued with "Sugar is sweet 
and so are you.'" Site could sing and would do so when someone started singing a 
song she knew. She even learned new songs from the radio wliile in llie hospital. Re¬ 
member, lliougli, that she gave no sigii.s of uuderstnndinganylhiugshe heard or said. Tins 
disorder, along with pure word deafness, clearly confirms tlie conclusion that rerog- 
nizi?igspokvn words and romfrehendingihvm are dif ferent processes and involve dif¬ 
ferent brain mechanisms (Geschwintf, Quadfasel, and Segarra, 1968). 

Boatman el al. (2006) stimulated various language-related areas of'ihe brains ol 
people w’lu) wore being evaluated for .sei/ure surgery. They found that in most cases, 
electrical stimulation of tlie lateral temporal lobe, ventral or auteroveniral to Wer¬ 
nicke's area, produced the symptoms of transcortical sensory apliasia: Tlie patients 
couhl noi ctirnpiehend what was said kj them when the stimulation was turned on, 
hut tfiey could repeat what they heard. (See Figure 13.9.) Fhese findings suggest that 
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Patient 1 
Patient 2 
Patient 3 


• Patient 4 
■ Patient 5 

• Patient 6 


perhaps my TcpresciUation of tfic posterior area 

sliould exteiul Jiiorc luslrally than 1 have depicted it in 
Figure 

In cr>nclnsioii, transcortical sensory apliasia can l>e 
seen as Wertiicke's apliasia witliout a repetition deficit. To 
pni it another way, the symptoms of Wernicke’s aphasia 
(WA) cmisisi olTiiose of pure word de^afness (PWD) plus 
llu>se of ti anscoriical sensory a]:»hasia (TSA). As I tell my 
students, WA = TSA + P\\ I>. Bv sim[>le algebra, TSA = 

WA - PWn, and so on. (Reier to Figure 13M.) 

What Is Meaning? As ive have seen, Wernicke's area 
is itivolved in the analysis of speech sounds atid lliiis in 
th e recognition r>r words. Damage to the posterior lan¬ 
guage area does not disrupt people's ability to recogni/e 
words, bni it does disrupt their abilitv to nndersland them 
or to ]>rodnce meaningful speech of their own. But what, 
exactly, do we tnean by the word Anti w'hai types 

of brain mechanisms are invohetl? 

Words refer to objects, actit>ns, or relationships in Lite 
world. Thus, the meaning of a word is defined ]>y partic¬ 
ular memories associated with it. For example, knowing 
the meaning of the word /ree means being able to imagine 
the physical characteristics of trees: what they look like, 
what the wind sounds like blowing through their leaves, 
what the bark feels like, and so on. It also means knowing 

facts about trees: aboiil their roots, buds, llowers, nuts, and wood and tlie chloi^o- 
phyll in llieir leaves, Fhese memories are stored notin the primary speed i areas but 
in other parts of the brain, espec ially regie)ns of the association cortex. Different cat¬ 
egories oiTneinories may be stored in particular regions of the brain, but they are 
somehow tied together, so hearing the word activates all of them. (As we saw in 
( lhapier 12, the hippocampal formation is involved in this process of tying related 
memories together.) 

In thinking about the brain’s verbal mechanisms involved in i ccogni/ing wortls 
and compreiiending their meaning, 1 find that the concept of a diciioiiai y serves as 
a useful analogy. Dictionaries contain entries (the words) and definitions (the mean¬ 
ings t>f’Lhe words). In the brain we have at least two types of entries: auditory and vi¬ 
sual, Thai is, we can look up a word according to how it souiuls or how it looks (in 
writing). Let us just consider just one type ol entry: the sf>und of a word. (1 will dis¬ 
cuss 1 eading and writing later in this chaj^ier.) We hear a familiar wortl and under¬ 
stand its meaning. Htnv do we do so? 

First, we must recognize the secpience of sounds that coiisthute the word^—We 
lind ilie auditory entry for the word in our “dictionary,” As we saw, ibis entry appears 
in Wernicke's area. Next, the memories that constititle the meaning t>f the w(n’d must 
be activated, i’resumably, Wernicke’s area is connected—through the posteritir lan¬ 
guage area—with the neural circitiis that contain these memorie.s. {See figure 13^0.) 

The Hebb rule, which we encotintered in Chapter 12, can Ik- invoked to explain 
the acquisition of woixls anti their meanings. Recall tiuu tlte Hebb rule says that 
when inteiTonnecied neurons are re[>ealedly active at the same liiiie, the synaptic 
coniieciions beivveen them are strengthened. Thus, when we hear a word several 
limes, a pariicitlar set of neurons in the stiperior temporal lobe become active, and 
their interconnections eventually become strengthened. (We could also liear the 
word once and repeat it to ourselves, thus activating thes<- neurons enough to 
sireiigilien their iruerconnecitons,) ,\s Hebb put it, the coactivated neurons became 
a <eif ns.sfmhh —iiii assemblv of interconnected neunms. 


Figure 13.9 

Location of sites where electrical stimulation interfered with 
normal cortical activity and produced the symptoms of 
transcortical sensory aphasia: loss of speech comprehension but 
preservation of the ability to repeat speech. 


V 








Adapted from Soatman. D.^ Gordon, B., Hartn J. Seines, 0., Migliorettl, D. 
ar^d Lenz, B ^ra^n, 2000, } 23 , 1634-1642. 
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Figure 13.10 

The '"dictionary" in the brain. Wernicke's area contains the auditory entries 
of words; the meanings are contained as memories in the sensory association 
areas. Slack arrows represent comprehension of words—the activation of 
memories that correspond to a word"s meaning. Red arrows represent 
translation of thoughts or perceptions into words. 



Posterior language area 
(interface between Wernicke's area 


Broca’s area 
(speech production) 


Meanings 
of words 


Primary 
auditory 
cortex 




Wernicke's area 
(word recognition) 


and perceptions and memories) 


Stip])<)se lilt' word is ''balF' and a cliild hoars die vvnrd several linies wliile she is 
playing wiiii a hall or simply looking at one. OH assemblies in Wernicke's area would 
constinue the memory of the .sound of the vvoi’d» while cell assemblies in the visual 
as.sociaiion cortex wonld cimslitme die memory oi’die child's ball. And because 

j 

llie.se two cell assemblies, which we can tliink of as the audikirv entry of the wcjrd in 
die brain's dictionary and iis definilioiu are active at the same iime> ifiev become 
linker I throiigli axons that interconneci these two regions. The Hebb inle predicts 
that other interconnections w'ill also occur. For example, iftfie child snccessrnlly re¬ 
peats llie word “hall,” a third cell assemblv will develo[> in Broca’s area that Is re¬ 
sponsible for the word's pronunciation. Kvemitally, iuierconnections will develop 
between all three areas, so the child will be able to say ''ball" when she sees the ball 
t>r wants to play witli it, anri she will look Ibr die ball wlien someone else savs the 
wcjrd. In lime, the child will learn that other round objects t>t'dinereni colors and 
sizes are also balls and so on. Pulvermuller (1999) develops diis explanatkm of the 
''dictionary in the brain," (iny words, not Ins) in more detail. 

The [process works in reverse wlien we describe our thoughts or perceptions in 
words. Suppose w^e w'ant to tell someone about a tree that we just planted in our 
yard. 'Fhougliis about ilie tree (ibr example, a visual image of it) occur in our asso¬ 
ciation cortex—the visual association cortex, in tliis example, lufoi ination about the 
activity oi tliese cirenils first activates circnils of neurons in the posterior language 
area and tlien circuits of neurons in Broca's area, wliich catise the words to be set 
into a grammaiical sentence atid be pronounced, (See Figure 13JO.) 

Wlial evidence do we have that meanings of words are represetiied by cell as¬ 
semblies located in various regions of the association cortex? Tlie best evidence 
comes from the fact lliai damage to particular regions oibhe sen.sory association Cen¬ 
tex can damage particular kinds oi’information ancl duis abolish particular kinds of 
meanings. 
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Dainujirc u> pan nf ihf association cortex ol the left parietal lobe can protluce 
an inability to name the f>o(ly (>aris. The flisorder is called autotopagnosia, or 'poor 
knowledge (>1“ one's own lopr>gra]jhy." (A belter name would have been aiitth 
ln})fiHffmhK "poor naming of one's own topogra[>)n'.'') Peo[>le who can oiliei wise con¬ 
verse mn'mallv cannot reliahlv jioini lo their elbow, knee, or cheek wlieti asked to do 
so and cannot name body parts wlien the examiner points to thenr However, they 
have no dif ficiilty imdersianding the meaning of other words- 

Other investigators have reported verbal deficits that include dtsi viplitm ol par¬ 
ticular categories ol tneaniiig. Mc(^arihy and Warrington (1988) reported the case 
of a man with lel’t temporal lobe damage (patient X B.) who was unable to explain 
the meaning of wends lltai denoted living things. For example, when he was asked 
lo dtdlne the w'ord r//d/eccmv, he said, ''Animal, can't give you any funedons/ How¬ 
ever, when he was shown a //h/tercofa rhinoc eros, be said, "Knormous, weighs over 
OIK' tcni, lives in AlVica.” Similarly, when asked what a floff/hit} was, he said, "a 11 sh or 
a bird"; but he responded to a ffufinT ol dol[jliin by saying, "Dolpliiii lives In wa¬ 
ter . . . ihev are iraijiefi to jump u[j and come out. . , . In America during the war 
years they started to get tliis particular animal to go through to look Intc^ ships/' 
(Ueaily, jjatieni V. Ik has not lost his knowledge of specific animals but only the abil- 
iiv lo name iheim Presumably, the damage to his brain disconnected ciicutis in¬ 
volved in the recognition ofwoi cls from those involved in his memories ol animals. 
When X. Ik was asked lo define the meanings of words that denoted inanimate ol>- 
jects (such as li^Uhoitseor whedharivin)^ he had no trouble at alk 

Some patients have even more s])eeifle deficits; Semen/a and Zettin (1989) de¬ 
scribed patient P, C/, who liad great difdcully with proj^er nouns (names ol people 
and places)* Damasio ei al. (1991) .studied several patients with similar deficits and 
concluded lliat anomia for pro])er nouns is caused by damage to tlie temporal jjole 
(the rostral end of 1 lie temporal lobe), whereas anomia for common nouns is caused 
by damage to liie inferior temporal cortex* An electrical recording study also found 
activation of different regions bv common and proper 
nouns (Provei bio el al., 2001), Damasio and bis colleagues 
suggest that ilie imyjortanl distinction between the lwt> 
types ol'words is tliai [iroper nouns are sjjccific lo particu¬ 
lar individuals {[people or plat es), whereas common nouns 
apply to m/cgw 7 V\* Presumably, the cortex of the iem[>oral 
pole is specifically iru'olved witl) recognition t)f indivkUials, 

This suggestion was supported by a functional imaging 
stutly from Damasio's lal>oraioi y ((rrabowski el aL, 2001). 

Tlie investigators foiiiul that wlieii people tried to name 
pictures ol either famous landmarks or famous faces, their 
left tempt>ral [K)le was aclivaietl. 

1 lamberger et al. (2001) asked paiieriis wlio were be¬ 
ing assessed for jKJssihle sei/ure surgery to try to name 
common objects* The items wx-re presented visually or 
acoustically; the patients were shown thawings ol (ibjects 
or heard oral descrijjiions, such as "What a king wears on 
his head." W hile the paiients were jx-rforming this task, 
the expeiimenieis stimulated different regions of the 
leniptii al lobe and parietal lobe Just dorsal to die lateral • ^ 

fissure. As voii can see in Figure 13.1 1, stiiiuiiatii>n ol dif- ^ 

.. - . r ■ I I ■ 1 1 • Auditory only 

lereni region.s disrupted naming elicited bv visual and am « Auditory and visual 

ditory cues* (See figure ISJ L) • Visual only 


autotopagnosia Inability to 
name body parts or to identify 
body parts that another person 
names. 


Figure 13.11 


Location of sites in and near the lateral temporal cortex where 
electrical stimulation interfered with visual naming (drawings of 
common objects) or auditory naming {spoken definitions of 
common items. 






m 


• m 


• : ^ . , < •• 
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Repetition: Conduction Aphasia, As w'e s;uv earlier 
in lilts sectinn, the fact that people with tiaiiscoi lical 


Adapted from Hamberger, M. J** Goodman. R. R., Perrine, K.. and Tamny, 
T. /Veura/ogy 2001, 56, 56-61. 
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Figure 13.12 


MR( scans showing subcortical damage responsible for a case of 
conduction aphasia. This lesion damaged the arcuate fasciculus^ a 
fiber bundle connecting Wernicke's area and Broca's area. 





1 1 ’ * 


!ik A 


■1 
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From Arnett, P A., Rao, S. W\., Hussain, M,, Swanson, S J,, and Hammeke, 
T. A. Neurology, 1996, 47, 576-578. 


Animation 13,1, Voices 
of Aphasia: Conduction 
Aphasia, lets you hear 
the speech of a patient with this 
disorder. 



arcuate fascicutus A bundle of 
axons that connects Wernicke's 
area with Broca's area, damage 
causes conduction aphasia. 

conduction aphasia An aphasia 
characterized by inability to repeat 
words that are heard but the abil¬ 
ity to speak normally and compre¬ 
hend the speech of others. 


stMisury apliasia cati re[)eai wliai iUty licat sii^gt^sts that 
thcrt' is a direct cniiiiecTi< jn bcLwccii Wernicke's area and 
Broca's area—and there is, ilie arcuate fasciculus (“arcli- 
sl taped bun tile"), ITiis huiullc of axons apj^ears lo ct>nvcv 
infbnuation about the souttdsoi win ds bin nnl ihcir 

Tlie hfsi evidence for this conclusion comes from a 
syndiorne known as conduction apliasia, wliicli is pro¬ 
duced by damage to die inferior pai ieial lobe iliat ex- 
leuds into the subcortical wliite luatler and damages the 
arcuate fa.scicnlus (Damasio and Damasio, HJSO), {See 
Figure 13 J 2.) 

Conduction aphasia is cliaracleri/ed bv meauingiulj 
fluent sjieecli; rehuively good com[>re[ieii,sioii; but very 
pony repetition. Fin example, ihe spontaneous speech of 
paiieiit L. B, (observed by Margolin and Walker, 1981) 
was excellent; he made very few errors and bad no difll- 
cully iiamiug objects, Bm let us see liow patient 1., B, per- 
foi inecl when lie was asked to repeat word.s, {Yon can hear this [jersim's voice on 
An i nta ti on 13 J, Voices of Aphasia: Condnetion Aph asia .) 

I'sXn w i n er: b i cvc I e 
Ffitlffd: bievde 
/:\y/ /// / n cfv li i p [>o p o ta m u s 
Ffflieni: hippopotamus 
Fxa w i }; er: 1 1 1 ay 11 ge 
Patlmi: I didn't gel it. 

Examinn: Okay, some of these w<Jirt be real words, tbev'll just be sounds. 

Blavnge. 

Palient:Vi\\ not , , . 

E.Xfiminer: blanch 
blanch 
Examiner: north 
EnEteni: north 
Examiner: rilld 
Paftent: Nope, I can't say. 

Yon will notice that the patient can repeat individual words (all nouns, in this case) 
bin utterly fails to l epeat nonwords. And as yon can bear in ilie atiimation, be can 
repeal a nieaninglul three-word phrase but not three unrelated words. People with 
condnciioii a]>hasia can repeat speech .sounds that they hear only ifUiese sounds have 
meaning, 

SoiiK-iinifs. wlicn a [H-rson wUli coiuluction apliasia is asked lo tepeat a word, 
lie or she says a word with the same meatiing—or at least one that is l elateti. For ex¬ 
am [ile, if the examiner says house, tlie patient mav sav home. If the examiner says chair, 
the patient may say sit. One patient made the following respotise wlien asked to re¬ 
pea tan e n t i re se n t e n c e: 

Ex((miner:'The auto's leaking gas lank soiled ilie roadway. 

Patienii'The car's tank leaked and made a mess on the street. 

The symptoms iliai are seen in iranscoriical sensory aphasia and conduction 
aplnrsia leati to the conclusion that there are pailiwavs connecting the speech mech¬ 
anisms of the lernporai lobe with those of the frontal lobe. The direct pathway 
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ihroiij^h tlic arcuaic fasciculus simplv conveys speecli sounds Irom Wernicke’s area 
lo Broca’s area. We use this [juiluvay lo repeal unfamiliar words—for example, wlien 
we are learning a foreign language or a new woitI in oiu’ own language or wlnni we 
are living lo repeal a non word such as llie second pathway, benveen die pos- 

lerifjr language area and BrtKa’s area, is iiulireci and is based on Llie rtmufin^Foi 
words, not tlie sinuHls they make. Wben palienLs with conduction apliasia bear a 
word or a senience, the meaning of w hat they hear evokes some sort of image relaied 
to that uicaning. (Tile patient in the second example presumably imaginetl the sight 
oi an autouiobile leaking fuel onto the pavenieni.) They are then able to flescrihe 
that image, jnsi as they wcmld pul theii’ own thoughts into w'ords. Of course, ilie 
wHirds ihev choose mighi noi ht‘ the same as ihe ones used by the ]>erson who s]:ioke 
to ihem, (See Fi^ire 13J3*) 

I he symjDioms of conduciion a)}hasia itidicaie ihai tlie connection between Wer- 
tiicke’s area and Broca's area appears to play an important role in short-term mem¬ 
ory of w{>rds and speech sounds that have Just Ix'cn heard. Presumably, rehearsal of’ 
such in for [nation can he accomplished by ^'talking to ourselves" inside our hearl 
witlujui actually having to say anvlhing aloud, hnaginiiig ourselves saving tlie word 
activates the regitin ot Broca’s area, whereas imagining that we are hearing it acn- 
vales the auditory association area of the temporal lobe. These two regitxns, cf>n- 
necied by means of the arcuate fasciculus (which contains axons traveling in both 
directions) circitlaie information hack and forth, keeping the short-term memory 
alive, iiaddeley (1995) refeis to this circuit as the Imj). 


Memory of Words: Anomic Aphasia 

As 1 have already noted, anomia, in one form or other. Is a hallmark of aphasia, 
f lowover, one category of aphasia etmsisis of almost pure anomia, the other symp¬ 
toms being inconsequemiah Speech of patients with anomie aphasia is lluent and 
grammatical, and their comprehension is excellent, hut tliev have difficulty llnfling 
tile appiopriate words. They often employ circumlocutions (literally, “speaking in a 


Figure 13.13 

A hypothetical explanation of conduction aphasia. A lesion that damages the 
arcuate fasciculus disrupts transmission of auditory information, but not of 
information related to meaning, to the frontal lobe. 



Damage lo the arcuate 
fasciculus disrupts 
repetition of speech 
sounds: causes 
conduction aphasia 


Broca's area 
(speech 
production) 


Meanings 
of words 


This connection enables patients 
with conduction aphasia to express 
their thoughts in words 


circumlocution A strategy by 
I which peopie with anomia find al¬ 
ternative ways to say something 
! when they are unable to think of 
the most appropriate word. 
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Animation 13.1, Voices 
of Aphasia: Anomic 
Aphasia, lets you hear 
the speech of a patient with this 
disorder. 



n>uncUil)()ut vsay") in aruiind [iiissiii^ words. Anomic aphasia is (iincrcni from 
Wcrahckr's apliasia. l*eo]>lc with anomic apliasia can midcrsiaiid wliai cjtlicr people 
-sav; and wliat tliev sav makes perfccL sense, even if thev often elioose roundaboui 
wavs to sav it. 

I* < 

Tlie following cpiotation is ti^oin a [>aiieni dial some colleagues and I studied 
(Margolin, Marcel, and Clarlsoii, 1985), V\'e asked her to tlescrihe the kitchen picture 
shown in earlier, in Figure I3.L Her pauses, whieli are marked with three dots, indi¬ 
cate word-fnKling difflcnlties. In some eases, wlum she could not (ind a word, she 
supplied a definition instead (a form of circnmlociilion) or went off on a new track. 
1 liave added the words in laackeis that 1 think .sfie intended to use, (You can hear 
this perstm's voice on Animatioti /5J, Voices of Aphasia: Anomic Aphasia.) 

FxfntiificrTvW us abotn that [>icture. 

Pal/cnf:\Vs a wtnnan who has iwn children, a son anti a danghier, and her son is 
to get into the . . . cupboard in the kitchen to get out [inkr] some , , . cookies 
out of the \ rookieJat] . . , tfiat she possibly had made, and consetjLieiulv lie’s 
slipping [falling] . . . the wrong diiection [karkwonl] . , , on the * . . what he’s 
standing on [leading to the . . . tlie cupboartl \fhot\ and if he falls 

backwards lie cotrld liave some pniblems {get hurt], because lliai [ihr stool] is 
off balance. 

Anomia has beett described as a jiartial amnesia for words. It can be produced 
by lesions in either the anterior or posleruir regions ()f the brain, but only postei ior 
lesions produce n Jhiffit anomia. The most likely localitm of lesions that produce 
anomia williout the other syntptoms of aphasia, sucli as comprehension deficits, 
agrammatism, oi tlifflcuhics in artic ulation, is the left leinporal nv parietal lobe, usu¬ 
ally sparing Wernicke’s area. In the case ol the woman desei ilied above, (be damage 
included tlie middle aiul inferior tempcjral gvri, which includes an important region 
of the visual association cortex. Wernicke’s area was not damaged. 

When my colleagues and I were sttidying this anomic patient, I was struck by the 
fact that she seemed to have more difficnllv finding nouns than other ivpes of Words. 
I informally tested her ability to name actions hv asking her wliat people shown in a 
series cd pictures were doing. She made almost no errors in flniling verbs. For ex¬ 
ample, although slie con lei not sav what a bov w'as holding in his iiand, she had no 
trouble saying that he was iluo 2 oing\i. Similarly, she knew tliai a girl was some¬ 

thing hut could not tell me the name ofw'bat she was climbing {a fence). In addi¬ 
tion, she had no trouble finding nonvlsual adjectives; fbi‘example, she could say that 
lemons tasteti veio; that ice was roM, itiid that a cat’s tui’ felt sofL 

For several years 1 ihoughl that our [jatitaii was unic:[ue. But otlier researchers 
have re])orted similar patterns of deficits. For exam[>le, Semen/a and Zettin (1989) 
and Manning and {Campbell (1992) describefl patients who had diffienhy naming 
objects btit not actions* Several studies have found that anomia for %'erbs (more cor¬ 
rectly called ai^crhia) is caused by damage to the frontal cortex, in aiul artnnul Broca’s 
area (Damasio and Tranel, 1993; Daniele et ak, 1994; Bak et al., 2991). ffvon think 
aljout it, tlial makes sense. The Jnmtal lobes are devoted lo planning, organi/ing, 
anti executing aciums, so it sliould not surprise us that they are involved in the task 
of remembering the names of actions. 

A snuly by Pulvermuller, Harle, and Hnniniel (2000) lends considerable su]> 
pt>rt to thi.s suggestion* These investigators recorded electrical activity evoked in the 
brain when peo[>le dtslinguished betw'een verbs that referred to different actions. 
They found iliat verbs pertaining to the legs (for examj^le, fo kirk] activated the re¬ 
gion of the motor eoi tex controlling leg movements, w lnle verbs pertaining to tlie 
face (for example, to speak) activated the face region of tln^ motor cortex. Presum¬ 
ably, tliinking about particular actions activated regicnis tliat c(nitrol these actions. 

.A PFT study by Martin et al. (1990) invesiigated the brain regions activated hv 
naming pictures of animals and t<a>ls. They found that naming both categtjries acii- 
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Figure 13.14 

PET scans showing the regions of activation when people named pictures of anrmals (left) or tools 
(right)- 



From Martin, Wiggs, C. L., Ungerleider, L G,- and Hasiby, J- V Nature, 1996, 379, 649^52 Copyright 1996 
Macmillan Magazines Limited. Reprinted with permission. 


valrd the inierior iern[>()ral rortex (the ventral stream of visual processing) aivrl 
Bntca's area. However^ animal iiamingseleettvely aclivaled ilie visual association cor¬ 
tex of the medial occipiutl lobe. Naming tools selectively aclivaled lire lelt mitidle 
temporal gy rus and the lef t premoitjr cortex—^ihe same region ifial is activated when 
people imagine tliey ai e making hatid tmivemerits. {See Figure 13J4,) 

The piciure I have drawn so tar suggests that comprehension orspeech includes 
a flow orinfonnation from WcniickeN area to the posterior language area to varit>us 
regiotis of sensory and motor association cortex, which contain memories ihat pro¬ 
vide ftieuft/ngs to words. Prodnciion of spontaneous speech involves the flow of in- 
formaiion concerning perceptions and rtiemories from the sensory and motor 
association cortex to the pt^sterior language area to Broca’s area. This model is cer¬ 
tainly an oversimpliJlcation, hut ii is a nsel'ul starting point in eonce[}tnali/ing basic 
mental processes. For example, thinking in words probably involves two-way com¬ 
munication between thespeeeli areas and surrt>unding associaiitm cortex (andsulv 
cortical regions such as tlie Ihppoeampiis, ol'course). 


The Bilingual Brain 

One question has long pn/./led scientists who are interested in brain mechanisms of 
language: Ht)w does the brain handle two or more different languages? Obviously, 
we can learn new words in our native languages all our lives. (In fact, 1 lio]>e you are 
doing so as you read this book.) Presumably, the cell assemblies that contain inlbr- 
maiion about these words arc intermingled with cell assemblies that contain infor¬ 
mation about words we already know. But wlien a second language is learned, are the 
cell assemblies that re[>resent the newly learned words and grammatical conventions 
in ter mingled with the previously established ones, or are tliey stored in k)cations 
sornewhal apart IVom those used lor our native language? 

Aliliough the question camun yet be answered wiili certainty, evidejice suggests 
that first and second languages share the same brain regions. For example, Fabbio 
(2d0la) studied the recovery of language functions in bilingual patients after they 
sustained a stroke that caused a severe aphasia. lie found that 65 percent of the pa¬ 
tients show'ed similar improvements in both languages, 20 percent showed a greater 
recoverv in tlieir second language, and 15 percent showed a greater recovery in tlieir 
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first lajigukigc. Ill other words, there was tiu evidenre that the hraiit damage was 
more likely u> affecl one language more than the other. In a review of the liteiature, 
Kahhro (2001 b) reported that a variety of inetliods, including electrical brain stiin- 
ulaiitrn, electrical recording of neural activity, and functional imaging, showed that 
the neural representations of woixls that belonged to peo]>le's first and second lan¬ 
guages afjpeared to be intermingled. However, the cell assemblies required fbr stor¬ 
age of different grammatical rules appeared more likely to be separate, perhaps 
because languages can have different grammatical strucinres. 


prosody The use of changes in 
intonation and emphasis to con¬ 
vey meaning in speech besides 
that specified by the particular 
words; an important means of 
communication of emotion. 


Prosody: Rhythm, Tone, and Emphasis in Speech 

\Mieii we speak, we do not merely utter words. Our speech has a regular rhythm and 
cadence; we give some woixls stress (that Is, we pronounce tltem louder), and we vary 
the pitch of our voice to indicate phrasing and lo distinguisli between assertions and 
questions. In addition, we can impart information about our emotional state 
through the rhythm, emphasis, and lone of our speech. These rhythmic, emphatic, 
and melodic aspects of speech are rei’erred lo as prosody. The importance of these 
aspects (>f speech is illusiraied by our use of punriuation symbols to indicate some 
eieinents oi‘prosody when we write. For example, a ct>mma indicates a short pause; 
a period indicaies a longer one with an aeconqjanying fall in the pileli of the voice; 
a question mark indicates a pause and a rise in die pitch of the voice; an exclama- 
lion mark indicates ihai the words are ariiculatetl with special emphasis; and so on. 

rhe prosody of people with llueni aphasias, caused hv posterior lesions, sounds 
normal. Tlieir speech is rhyihmicah with pauses after phrases and sentences, and has 
a melodic line. Even when the speech of a jxtsou with severe Wernicke's aphasia 
makes no sense, the jjro.sody sounds normal. As (h)odglas.s and Kaplan (1972) note, 
a person with Wernicke's aphasia may "'sound like a normal speaker at a distance, be¬ 
cause of his fluency and normaf melodic contour ol‘ his speech.'' (Up close, of 
course, we hear the speech clearly enough to realize lliat it is meaningless.) 

Evidence from studies of normal people and patients with brain lesion.s suggests 
dial prosody is a special function of the right hemisphere. This fnnciion Is un- 
{kHihledly related to the more general role of this heniispliere in musical skills and 
the expression and recognition of‘emotions: Production of pro.sody i.s radier like 
singing, and prosody often serves as a vehicle lor conveying emotion. 



When we speak we do not merefy utter words. We can impart 
information about our emotional state through the rhythm, emphasis, 
and tone of our speech. 
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Woitilraub, Mej^iilam> anct Kramcj’ (1981) U'Sied the ahilliy of patients with riglU- 
hemisphere damage to recogni/e and express prosodic elements of speech. In r>ne 
experiment they showed their subjects two pictures, named one of them, and asked 
llie subjects to point to tlte appropriate one. For example, they showed diem a pic¬ 
ture of a green house atul a house dial was painted green, hi speed i we diMinguish 
between g^renhouse and green house by sii ess: (Uii\EN house means the Ibiauei; and 
(ilUiKN HOUSli (syllables equally stressed) means tlie latter. In a second experiment 
Weintrauhand lier colleagues tested die subjects' ability simply to detect diderences 
in piosodv. Fhey presented pairs of sentences and asked the subjects w^hether they 
w-erc the same or difTereni, The pairs of sentences either were identical or dif fered 
in terms of intonation (for example, Margo phiys the jhnufEEdmX Margo plays the put no) 
or locatioti of stress (fV>r example, Sl'EVtl drives the rvo and Sltve drives the (lAR). The 
patients with rigln-heiiiispfiere lesions (hni not control subjects) peridnned poorly 
on both (d iliese tasks. Thus, tliey showed a deficit in prosodic comprehension. 

Fo test prodnciion, the invesligalurs presented two written sentences and asked 
a ipieslion about them. For example, they presented the following [jair: 

The man walked to the grocery store. 

Hie w'oman rode to die shoe store. 

I'iie subjects were inslrucled to answer questions by reading one of tlte sentences. 
Try this one vourself. Read the question below and then read aloud tfie sentence 
(above) that answ'ers it. 

Who walked to the gn>cery skire, the man or the wtnnaii? 

The (juestion asserts that soineone walked to ihe grocery store hut asks who that 
person was. Wlien answ'ering a question like this, people normally stress die re¬ 
quested item t»i informaiion; in this case they say, 'The man walked to the grocery 
store." Ihwvever, Weiniraidi anfl her colleagues found that although patients with 
right-hemisphere brain damage clitisc the correct sentence, they either failed to 
stress a word oi stressed the wrong one. 'Hius, the right hemisphere plays a role in 
production as w'cll as perceptitm of j^rosody. 


INTERIM SUMMARY 


Speech Production and Comprehension: Brain Mechanisms 

Two regions of the brain are especially important in understanding and producing speech, 
Broca's area, in the left frontal lobe just rostral to the region of the primary motor cortex that 
controls the muscles of speech, is involved with speech production. This region contains mem¬ 
ories of the sequences of muscular movements that produce words, each of which is connected 
with its auditory counterpart in the posterior part of the brain. Broca's aphasia—which is 
caused by damage to Broca's area, adjacent regions of the frontal cortex, and underlying white 
matter—consists of varying degrees of agrammatism, anemia, and articulation difficulties. 

Wernicke's area, in the posterior superior temporal lobe, is involved with speech per¬ 
ception. The region just adjacent to Wernicke's area, which I have called the posterior lan¬ 
guage area, is necessary for speech comprehension and the translation of thoughts into 
words. Presumably, Wernicke's area contains memories of the sounds of words, each of 
which is connected through the posterior language area with circuits that contain memo¬ 
ries about the properties of the things the words denote and with circuits that are respon¬ 
sible for pronouncing the words. Damage restricted to Wernicke's area causes pure word 
deafness—loss of the ability to understand speech but intact speech production, reading, 
and writing. Wernicke's aphasia, caused by damage to Wernicke's area and the posterior lan¬ 
guage area, consists of poor speech comprehension, poor repetition, and production of flu¬ 
ent, meaningless speech. Transcortical sensory aphasia, caused by damage to the posterior 
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speech area, consists of poor speech comprehension and production, but the patients can re¬ 
peat what they hear. Thus, the symptoms of Wernicke's aphasia consist of those of transcor¬ 
tical sensory aphasia plus those of pure word deafness (WA - TSA + PWD). The fact that 
people with transcortical sensory aphasia can repeat words they cannot understand sug¬ 
gests that there is a direct connection between Wernicke's area and Broca's area. Indeed, 
there is: the arcuate fasciculus. Damage to this bundle of axons produces conduction apha¬ 
sia: disruption of the ability to repeat exactly what was heard without disruption of the abil¬ 
ity to comprehend or produce meaningful speech. 

The meanings of words are our memories of objects, actions, and other concepts asso¬ 
ciated with them. These meanings are memories and are stored in the association cortex, not 
in the speech areas themselves. Pure anomia, caused by damage to the temporal or parietal 
lobes, consists of difficulty in word finding, particularly in naming objects. Some patients 
have a specific difficulty with proper nouns, while others have difficulty with common nouns; 
most patients have little difficulty with verbs. Damage to Broca's area and surrounding re¬ 
gions disrupts the ability to name actions—to think of appropriate verbs. Brain damage can 
also disrupt the "definitions" as well as the "entries" in the mental dictionary; damage to 
specific regions of the association cortex effectively erases some categories of the meanings 
of words. 

The location of cell assemblies that encode words in different languages in the brains 
of bilingual people appear to be located in approximately the same places. The separation 
of cell assemblies that represent the grammatical rules of different languages can be more 
substantial. 

Prosody includes changes in intonation, rhythm, and stress that add meaning, especially 
emotional meaning, to the sentences that we speak. The neural mechanisms that control the 
prosodic elements of speech appear to be in the right hemisphere. 

Because so many terms and symptoms were described in this section, I have provided a 
table that summarizes them. {See Table 13.1.) 


Table 13.1 


[ 

Aphastc Syndromes Produced by Brain Damage 



Disorder 

Areas of Lesion 

Spontaneous 

Speech 

Comprehension 

Repetition 

Naming 

Wernicke's 

aphasia 

Postciior portion of superior 
temporal gyrus (Wernicke's 
area) and posterior language 
area 

Fluent 

Poor 

Pot>r 

Poor 

Pure word 
deafness 

Wernicke's area or it.s con¬ 
nection with primary audi¬ 
tory cortex 

Fluent 

Poor 

f^oor 

Good 

Broca's 

aphasia 

Frontal cortex rostral to base 
of primary motor cortex 
(Broca's area) 

Nonfluent 

Good 

Poor* 

Poor 

Conduction 

aphasia 

Wliite matter beneath pari¬ 
etal IoIk' superior to lateral 
fissure (arcuate fasciculus) 

Fluent 

Good 

Poor 

Good 

Anomic 

aphasia 

Various parts of parietal and 
temporal lobes 

Fluent 

Good 

Ciood 

Poor 

Transcortical 

Jit'll sory aphasia 

Posterior language area 

Fluent 

Poor 

Ciood 

Poor 


he; lifiU'i than spoiiuiiu^tius spftTli. 
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THOUGHT QUESTION 

Suppose you were asked to determine the abilities and deficits of people with aphasia. What 
tasks wouid you indude m your examination to test for the presence of particular deficits? 


i 


Disorders of Reading and Writing 


Rt-ariin^ and writing m v closely related io listening and talking; thus, oral and wrii^ 
ten latiguage abilities liave niaiiv brain tnechanisins in common. This section dh- 
ciisses ifie neural basis of reading and writing dis<irdei s. As yoti will see, tlie study of‘ 
tliese disorders has provided us witli some useful and iuleresdiig informaiiotu 

Relationship to Aphasia 

riie reading and writing skills of people with ajdiasia almost always resemble their 
speaking and comprehending aliilities. For example, patients with Wernicke’s apha¬ 
sia have as inueh {lilflcnliy reading and writing as they do speaking and tmderstand- 
ing s[)eecli. Patients with Broca’s aphasia cotnpreliend tvhal tliev read alioni as well 
as ll1e^' can understand speech, hnt their reatling aloud is poor, of course. H llveir 
speeeh is agrammatieal, so is their wriling; and to the ex¬ 
tent tlial tliev fail to comprehend grammar when listening 
to speech, ihev fail to do so when reafling. Paiienis willi 
cniuiuelion aphasia generally have some dirficnlty read¬ 
ing; and when they read aloud, tliev olLen make semantic 
paraphasias (saying symmyms for some of the words they 
read), just as iliey do when attempting to repeat wliai they 
hear. Depending on die location of the lesion, some pa¬ 
tients with transcortical sensory aphasia can read aloud ac- 
cnratelv but i’ail lo compiefieiKl what they read. 

Pure Alexia 

nejertiie (189"i) described a remarkable syndrfime, wlilch 
we ntnv call pure alexia, or stmictiines ffurt' worrl hfhifint^s.\ 
or alexia witfioui agraphia. His jialieni had a lesion in the 
visual cortex of the left occipital loi>e and the jjosterior 
end ofdhe corpus callosum. ’The patient coukl still write, 
aithoiigli he had l<jst the ability to read. In fact, il he was 
slH>wai some ol his own writing, he conkl not read in 

Several years ago, some col leagues and J studied a 
man with pure alexia who discovered Ins ability to write in 
an interesting wav. A lew months after ire sustained a heafl 
injury that caused his brain damage, lie and his wife w^ere 
watching a service person jepair their washing mac [line. 

I'he paiieni wanted to say something jDrivately lo Ids vvtle, 

.so he pieketl uj) a ])ad of paper and Jt>tled a ntite. As he wus 
handing il to her, they sufldenly realized with amazemeni 
that alihfmgli lie could not read, lie was able to write! Hts 
wHe htonglii die note to dieir neurologist, wlio asked the 
patient lo read it. Alt hcmgh he remeinhered the gist of the 
message, lie could not read the words. Un lor tuna Lely, I do 
not have tlial note, hm Figure Dhl5 shows the writing t>f 
another person with [>ure alexia. (Set* Figtire 13.15,) 

Alihongli patients with pure alexia cannot read, they 
can rec<jgni/e words that are spelled aloud to them; 


pure alexia Loss of the ability to 
read without loss of the ability to 
write; produced by brain damage. 


Figure 13.15 

A letter written to Dr. Elizabeth Warrington by a patient with 
pure alexia. The letter reads as follows: "Dear Dr. Warrington, 
Thank you for your letter of September 16th. I shall be pleased to 
be at your office between 10-10:30 am on Friday 17th October. I 
still find it very odd to be able to write this letter but not to be 
able to read it back a few minutes later. 1 much appreciate the 
opportunity to see you. Yours sincerely, Harry X. 
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From McCarthy, R A., and Warrington, E. K. Cognitive Neuropsychoiogy: 
A Clinkal Introdoctfon San Diego: Academic Press, 1990 Reprinted with 
permission. 
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Animation 13J, Pure 
Alexia, explains the role 
of lesions of the left pri¬ 
mary visual cortex and posterior 
corpus callosum in this disorder. 



iherelorc, iliey have iiol lost their memories oi tlie speliiogs oi worcis. Pure alexia is 
obviously a perceptual tlisorder; it is similar to pure word deafness, except that llie 
patient fias dirnculty witli visual input, not auditory inpin. d he tlisorder is caused by 
lesions that pteveiu visual inibnnation from reaching the exirastriaie cortex of the 
lef t hemis[>iiere (Damasio and Dainasio, 1983, 1986}, Figure 13.16 explains why l)e- 
jerines original patient could not read. {Aniniatioti Pitre Alexia, also illustrates 
ihe brain damage responsible for iliis disorder.) The firsi diagram sliows the patlt- 
way that visual information would take if a person liad damage only lo ihe kft primary 
visual rortex. In this case the peisun's right visual field wt^uld Ixf blind; lie or she 
would see nothing to the right of the fixation point. But people witli this disorder 
can read, 7 heir only problem is that they must look to the light of each word so that 
iliev can see all of it, whicli means that thev read somewhat more slowtv than some^ 
one witli full vision. 

Let us trace the flow of visual inlormation fora person with tins brain damage. 
Iiilormation (Vom ilie left side ol tlie visual Held is transmitted lo tire right striate coi- 
tex (primary visual cortex) and tlien to the lingual and fusiform g^ri—a region of 
extrasiriate cortex involved in the lecogniliou of written text. From there, the in- 
formaii<m crosses tlie posterioi^ eoipus callosum and is transniitied to the left ex- 
trastriate cortex and then to speecli mecliaiiisms located In ilie left frontal lobe. 
Thus, the person can read tlie words aloud, {See Figure !3J6a.) 

file second diagram shows Dejenne's patient. Notice how the additional lesion 
of tlie corpus callosum j^revents visual inrormation concerning written text Ihun 
reacliiiig the j)ostei [or left hemisphere. Witliout tins inft>rmation, the patient can¬ 
not read. (See Figure 13.l6b*) 

1 must note tliat tlie diagrams shciwu in Figure 1,3.16 are as simple and sclieinatic 
as possible. They illustrate only the pathway involved in seeing a word and jji’o- 
iiouncing it, and tliev ignore neural structures that would be involved in understand¬ 
ing its meaning. As we will see later in this eliapter, evidence from patients witii brain 
lesions indicates that seeing and pronunnciiig words can take place independently of 
understaufliiig them, Tims, althongli the diagi ams are simjdifled, ihev are not nn- 
reasoiialile, given what we know about tlie neural components of tlie reading process. 

Presumably, some parts oi tlie visual association cortex are involved in perceiv¬ 
ing written vvords, Tlie fact that damage to the posterior end of tfie corpus callosum 
disrupts the exchange of inldrmation concerning the shape of’words suggests that 
tlie extrasti iaie cortex may be responsible for this analysis. Petersen et al. (1996) oly 
tained results that su[>pori this suggestion, Tlie iiivesiigaiurs used a PFl’ scanner lo 
measure logioiial cerebral blood flow while presenting subjects with four types of vi¬ 
sual stimuli: nnianiiliar leLterlike fot iits, strings oi consonants, pixmoniiceable non¬ 
words, and real words. They found that one region of tlie medial extrastriate ctJi tex 
was activated only when a person viewed prononneeable nonvvortls or real words, 
riieir linding suggests that this region plays a role in recogniuoii of familiar comlji- 
nations of letters. (See Figure 13,17,) 

You will recall from (chapter 6 that visual agnosia is a perceptual deficit in which 
people with bilateral damage to die visual asstieiatioji cortex cannot recogni/.e objects 
by sight, I’atienis with ptire alexia do uof have visual agnosia: thev can recognize ol> 
Jects and supply iheir names. Similarly, people with visual agnosia can still read. Thus, 
the percejnnal analysis ol’objects and words requires different brain mecliaiiisms. 
This fact is lioth inteie.sting and puzzling. Certainly, tlie ability to read cannot have 
shaped the evolution of’the human brain, because the inveniit>n of writing isonlva 
lew tlionsand years olfL and ninil very recently, the vast majority of the world s po|> 
Illation was illiterate, Thus, reading and object recognition use brain mechanisms 
tlial undotibtedly existed long before the invention of writing. As Patterson and Ralph 
(1999) conclude, natural seleelion lias provided us with brain mechanisms loi‘visual 
perception, speakitig, and comprehending spoken language. Our ability n> recog¬ 
nize words and understand them undoubtedly utilizes these mechanisms, .\lihongli 
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Figure 13.16 

Pure alexia. Red arrows indicate the flow of information that has been interrupted by 
brain damage, (a) The route followed by information as a person with damage to the 
left primary visual cortex reads aloud, (b) Additional damage to the posterior corpus 
callosum interrupts the flow of information and produces pure alexia. 
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Figure 13.17 

PET scans of the medial surface of the brains of subjects who read (a) tetterlike forms, (b) strings of 
consonants, (c) pronounceable non words, or (d) real words 
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From Petersen, S E., Fox, P I, Snyder. A. Z.. and Raichle, M. E. Science 1990, 249, 1041-1044 Reprinted with permission. 
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whole-word reading Reading by 
recognizing a word as a whole; 
"sight reading." 

phonetk reading Reading by de¬ 
coding the phonetic significance 
of letter strings; "sound reading." 

surface dyslexia A reading disor¬ 
der in which a person can read 
words phonetically but has diffi¬ 
culty reading irregularly spelled 
words by the whole-word 
method. 

phonological dyslexia A reading 
disorder in which a person can 
read familiar words but has diffi¬ 
culty reading unfamiliar words or 
pronounceable non words. 


ilie itrpfiimftxt can be made tfiat wc have inlierited brain mecfianism.s llial play a spe¬ 
cial role in the same cannot he said for the brain meclianisms we use to reatl 

and write- 


Toward an Understanding of Reading 

Most invesii^atnis believe tlial reading involves at least two different processes: di¬ 
rect recognilion of the word as a whole and sounding it nu\ letlei l>v letter. When we 
see a tamiliar word, we normally recogni/e it l>y its shape and [jrononnee ii—a [pro¬ 
cess known as whole-word reading, {With very longwt>rds we might instead perc eive 
segtnenis of several letters eacli.) The secotul method, wliicli we use for nnfamiliai' 
worcis. recpiires recognition of individual letters and knowledge of ilie sounds they 
make. Tl lis process is known as phonetic reading, 

Kvidence Idr otir abilitv to sound out words is easv to olxtain. hi fact, vou can 
prove to yourself tliat phonetic reading exists by trving to read the following words: 

glab trisk chint 

Welk as yoti can sec. tliey are not really words, btU I doubt that you had trouble pro- 
ntumcing tlieim Obviously, you did not them, because ytiu [>rohably never 

saw' them before. Tlierefore, you had to use what you know about the .sounds that 
are re]:)resented by particular letters (or groups of’letters, sncli as rh) to figure out 
how to ]>ronounce tlie words. 

1 he best evidence dial proves that peof>le can rearl words witliout sounditig 
them out, using the whole-word method, cotne.s from studies of patients with ac¬ 
quired dyslexias. Dys!ext/t means "faulty rearling." drr/i//m/dysiexias are lliose eansefl 
by damage to the l>rains tif people wlio already know liow io read. In contrast, 

dyslexias refer to reading diff let lilies that become apparent when cliilflren 
are learning to read. Developmental dyslexias, winch may involve anomalies in hram 
circuitry, are discussed in a later section. 

Figure 13.1H iilusirates some elements of tlie reading processes, fhe diagram is 
an oversimplincalion of a very complex process, but it helps to organize some of tlie 
lacis ihai invesligatoi's liave obtained. It considers only reading and jjronouncing sin¬ 
gle words, not undersiatiding the meanijig of text. Wlien we see a familial' w<u'd. sve 
inirmally recognize it as a whole and prom hi nee it. If we .see an nn familiar word or 
a prommnceafile non word, we mnsl try to read it phonelicallw {See Figure 13,18,) 



Japanese writing uses two forms of characters, which encode information 
phonetically or nonphonetically. 
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Ailhou^li invesiip^aioi’s liave reported several types nfac- 
quire<l dyslexias, I will mentifin three oi tlicni hei e. Surface 
dyslexia is a deficit in whole-word reading, usually caused by 
a lesifut t>f the left lateral temporal lobe (Marshall and New- 
combe, 1973; Mc('!arihy aiul Wan ingloii, 1990; Patterson and 
Ralph, 1999), The term v/n/rtcc renecls the fact that pet>ple 
with this disorder make errors related to the visual appear¬ 
ance of the words and to jjrouunciaiion rules, not to the 
tneaning ofilie words, which is metapliorieally “deeper'' than 
the aj^pearance. 

Because patients wiili surface dyslexia have difficulty lec- 
(igni/ing words as a whole, they are obliged to sound iliem 
out. Thus, they can easily read words with regular spelling, 
svicb as hatid, tahle^ chin. However, they have dilficulty read¬ 
ing WOT ds with ii regulai spelling, such as .sy7c, and vu'hi. 
In fact, diey may read tliese woicls as sue, fnnnt, atul ynfehet, 
Tfiey have no dilficulty reading pi'oiuntnceahle nomvords, 
such as 0nlK irlsk^ aiul chint. Because people witli surface 
dyslexia caiuiot recognize whole avoids by iheir appeal aiice, 
they tuttst, in effect, listen to their own j^i'onnnciatiou tf) ute 
flei’siaiHl wliai they are reading. Ifthey read the wor<i pintixud 
pi-onounce it fhnnl they will say that it is not an Kngli,sh word 
{which it is not, prouinmced that way). If the word is one 
member of a heunophoue, it will be iin]>osstble to understand 
it iiidess it is read in the C(>ntext of a senteTtce, For example, 
ii’ you hear the single word '*pair'^ without additional infor¬ 
mation, you cantu>t know whetlicr the speaker is l eferring to 
paii; pmn or pnre. Thus, a patient with surface dyslexia who 
l eads the wortl />///r might .say, “ . , , it could be two of a kind, 
ap]:)les and , ,, or wliat you do with your fingernails" (Gurd 
and Marshall, 1993, p. 594). (See Figure IS.19.) 

Patients with phonological dyslexia have the opposite 
prc9)lein; they can read by the whole-word method hutcanncit 
soiuhI words out. Thus, they can read words that thev are al- 

j j 

ready lamiliar willi hut have great difficulty figuring out how 
to read unfamiliar words or pronounceable nonwords {Beau^ 
vois and Deniuesne, 1979; Derouesne and BeamxHs, 1979). 
(In tills con text, phttnohgy —loosely translated as 'Tuvs of 
sound"—refers to the relatitm between letters and the .sounds 
they represent,) IVople with phonological dyslexia maybe ex- 
celletn reatlers if they had already acquired a good reading 
v<H’ahularv before their l>rain damage occurred. 

Phonological dyslexia provides further evidence tliat 
wliole-woj d reading and phonological reafling involve dlifer¬ 
ent brain mechanisms. Phonological reading, which is the 
onlv wav we can read uonword.s or words we have not vet 

* / r 

learned, entails some st>rt of letier-to-soimd decoding, Ohvf 
ously, phonological reading of Knglish requires more ilian tie- 
coiling of the sounds prodticed by single lettei s, because, for 
example, some sounds are transcribed as two-letter sequenees 
(such as ih or xh) and the addition of ilie letter cio the end of 
a word lengthens an internal vowel (mn becomes mne), (See 
Figure IS.20.) 

Phonological dyslexia is usually caused by damage to the 
left frontal lobe (Price, 199S; Fiez and IVtersen, 1998), A PET 
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Figure 13.18 

A sirnptified model of the reading process, showing whole- 
word and phonetic reading. Whole-word reading is used for 
most familiar words; phonetic reading is used for unfamiliar 
words and for nonwords such as gfab, trisk, or chint 
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Figure 13.19 

A hypothetical explanation of surface dyslexia. Whole-word 
reading is damaged; only phonetic reading remains. 
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Figure 13.20 


A hypothetical explanation of phonological dyslexia. 
Phonetic reading is damaged; only whole-word reading 
remains. 
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study by Fie/et al. (J999) [uuiid liiat phoriolnj^ical readinjt^ ac¬ 
tivated Broca's area and the left insular region. They suggest 
that ‘‘phonalogicaT reading may actually involve articula¬ 
tion—that we sound out wortls not so much bv "hearing'' 
them in our heads as by feeling ourselves pronounce them 
silently to (>urselves. Of course, the two processes could be 
takh^g place simultaneously. 

The Japane.se language pitwides a particularly interesting 
distinction between phonetic and whole-word reading. The 
Japanese language makes use of two kinds of wnuen svmbols. 
/u 7»;7 symbols are pictographs, adopted from the Chinese lan¬ 
guage (although they aie pronounced as Japanese words). 
Thus, they represent eoiicepts by mean.s of visual symbols but 
do not provide a guide to their pronttneiation. Reading words 
expressed in kanji symbols is analogt>us, then, to whole-word 
reading. .symbols aie phonetic repre.sen tat ions of sylla¬ 
bles; thus, thev encode acoustical information. T hese sMuhols 

* p 

are used primarily to represent foreign words or Japanese 
words that the average reader would be unlikely to recognize 
if they were represented by tlieir kanji svmbols. Reading 
words expressetl in kana symbols is obviously pliouetic. 

Studies of Japanese people with localized brain dan^age 
have shown that the reading of kana and kanji symbols in- 
volves different brain mecliaiiisms {Iwata, 1984; Saknrai et ak, 
1994; Saknrai, Ichikawa, and Mannen, 2001), Oifllcttlty read¬ 
ing kanji symbols b atutlogoiis to sLirface dyslexia, whereas dil- 
ficnhy reading kana symbols is analogous to phonological dyslexia. A fiiiiciional 
imaging study suggests that lwt> dif ferent brain regions are involved in reading of 
kanji and kana symbols {Sakurai et aL, 2000). 

As we saw earlier in tliis chapter, recognizing a spoken word is dif feient from un¬ 
derstanding it. For example, patieni.s with transcortical sensory aphasia can repeat 
what is said to them even though they show no signs ofUnderstatKiing what they hear 
or say. The same is true for i eading. Direct dyslexia resembles iranscortieal sensory 
aphasia, except that tlie words in question are written, not spoken (Schwartz, Marin, 
and Saffran, 1979; Lytton aiul Briisl, 1989; Gerhand, 2001). Patients witfi direct 
dyslexia are aliile to read aloud eiuni ihough ikes ran not nndersUind ike worth (he^ are 
hig. .After sustaining a stroke that damaged his left frontal and temporal lobes, Lyt¬ 
ton and Bi list’s patient lost the ability to communicate verbally; his speech was 
meaningless, and he was unable to comprehend whai other people said to him. How¬ 
ever, he could read words with winch lie was already familiar. He could not read pro¬ 
nounceable nonwords; therefore, he had lost the ability to read plionetieally. His 
compi ehension deficit seemed complete; when the investigators presented him with 
a word and several pictures, one of which corresponded to the word, he read the 
word correctly but had no idea what picture went with it. GerhancLs patient showed 
a similar pattern of deficits, except that slie was able to read phonetically: She could 
sound out pronounceable nonwords. These findings indicate that the brain regions 
responsible for phonetic reading and whole-word reading are each direct I v con¬ 
nected with brain regions responsible for speech. 


direct dyslexia A language disor¬ 
der caused by brain damage in 
which the person can read words 
atoud without understanding 
them. 


Toward an Understanding of Writing 

Writing tlepends on knowledge of the words that are to be used, along with the 
proper grammatical strnctnrc of the seniences they are to form. Thus, ifa patient is 
unable to express himself or herself hy speech, we should not be surprised to see a 
wiMling disturbance as well. 
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Out' t.\pc orwriiing disorder invuives dinicnliies in nH>U>r control—in directing 
tile rnovcnients of a jDcn or pencil to foi in lelters and words* Invesiigatois have le- 
[)oried surprisingly speciHc types of writing disorders tlial fall under this caiegtn'y. 
For example, some patients can svrite numbers but not letters, some can write U[> 
[X‘i case letters but not lowercase letters, some can write consonants hnl not vowels, 
some can write cursively but not print uppercase letters, and others can write letters 
normally but have diincnlty placijig them in an orderly fashion ojt the page (Cuiteili, 
1991; Alexander et ah, 1992; Margolin and tk>udman-ScliulmaJi, 1992; Silveri, 1996)- 

VVViting Ilf>rnially involves holding a ]3en or pencil and moving its point across a 
piece or[>af)en But we can create visual t ecords with the keyboard of a typewriter or 
a computer. However, the movements wc make with our hands and fingers are dil* 
feretu when we write or type. Skilled tyjjists learn anu>matic sequcnecs of movements 
lliat produce frequently used words, but these are different from the movenients we 
wcnild make when we write tliese words, Oisnki et ah (2002) rejjorled the case of a 
man who lost the ability to type after a stroke that tlamaged the ventral left frontal 
lobe. His ability to speak and understand speech, his ability to read, and his abiiitv 
to write were not affected, and he showed no othci‘ obvious motor impaiianenis be¬ 
sides bis tfystylyia, as the investigators named it* 

A more basic type of yvriiing disorder involves problems in the abiiitv to spell 
words, as opposed to problems with making accurate movements td the fingers, I will 
devote the rest of this section to this tvpe of disorder. Like reading, writing (or more 
specifR’ally, spelling) involves more than one method. The first is related tt> atiditiun. 
When ehildren acquire language skills, they first learn ilie sounds of wt>rds, ilien 
learn to say tiiem, then learn to read, and then leaiai to write. Undoubtedly, reading 
and writing de[}end iieavily mi the skills that are learned earlier. Fur example, to 
write most words, we must be able la ^'soimd them out in our heads,"' that is, to iiear 
them and to articulate them suhvocallv. If voii want to demonstrate this to vourself, 
try to write a long word such as autidtsesiah/isliwnUanatjism from memory and see 
wlietlier you can do it without saying the word to vourself. If vt)u recite a poem or 
sing a sojig to yourself imder your breath at the same time, you will see that the writ¬ 
ing comes to a liah. 

A second way of writing involves transcribing an image of what a particular word 
looks like—copying a visual mental image. I lave you ever looked oif into tlie dis¬ 
tance to picture a word so that you can remember how to spell it? Some people are 
not very good at phonological spelling and have to wi ite some words down to see 
whether they look correct. This method obviously involves visttfi/ memories, not 
aconsticai ones. 

Neurological evidence supp(>i is these speculations. Brain damage can impair 
cither piionetic or visually based writing. Impaired phonetic writing is called phono¬ 
logical dysgraphia (Shallice, 1981), {DysgiYiphia refers to a writing deficit just as 
/iyskxh refers to a reading deficit,) People with this disoixler are unable to sound out 
words and wi ile them phonetically- Thus, they cannot write unfamiliar words or pro¬ 
nounceable nonwords, such as the ones I presented in the section on reading, Thev 
can, liowever, visually imagine fhmiliar words and then write them. Orthographic 
dysgraphia is just the opposite-—a di.sordcr of visually based writing. People with or- 
thographic dysgraphia can only sound W’ords out; thus, (hey can spell l egtdar words 
such as fv/rcor and they can write pronounceahie ntmwords. I lowever, thev have 
dilficuhy spelling irregular words such as half or /m.s\ (Beauvois and Derouesne, 
1981): they may write lififfov bizzy. 

Japanese patients shenv writing deficits similar to tln>se of patients whose lan¬ 
guages use the Rt>man aff>hahei; some patients have difficulty writing kana symbols, 
whereas olhers have difficiiltv with kanji symbols (Iwaia, 1984; Vokota et af, 1990), 
Kiiwanmra, Hirayama, anti Yamamoto (1989) reported a particularly imeresiing case 
of a man with damage to the middle [>art of the ctxrpiis callosum who ccmld ivi iie 
kana symbols with both hands and could write kanji symbols witli the right hand but 


phonological dysgraphia A 

writing disorder in which the per¬ 
son cannot sound out words and 
write them phonetically. 

orthographic dysgraphia A 

writing disorder in which the per- 
son can spell regularly spelled 
words but not irregularly spelled 
ones. 
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Figure 13.21 

The writing of a Japanese patient with damage to the middle part of the corpus callosum. 
He could write both kanji and kana characters with his right hand, but he could not write 
kanji characters with his left hand {color). He could, however, copy kanji characters with 
his left hand if he was given a model to look at* 
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From Kawamura, M., Hirayama, K., and Yamamoto, H. Bram, 1989, Mi, 1011-1018. Repnnted by 
permission of Oxford University Press. 


developmental dyslexia A read¬ 
ing difficulty in a person of normal 
mteilrgence and perceptual ability; 
of genetic origin or caused by pre¬ 
natal Of pehnatai factors. 


irot tfic left. Hc' could atpy kanji symbols wiih hts led band; he Just could not write 
thcni down when tite irivesiigauns dictated them to him. (See Figure 13.2L) Another 
paiiein, reported by Tei, Soma, and Marnyama (1994). had the opposite symptoms: 
very bad kana writing with tlte uondoiniiiaiil hand fniL better kanji wriliug. 

These results have interesting implications. Writing appears to be orgatn/ecl in 
the speech-dominant hemisj^here (normally, ilie left hemisphere). That is. the iii- 
lormaiion tieeded to sjK'cify the shape of the symbols is provkied by cii cnits in this 
hemisphere. When a person uses his or her left hand to write these symbols, tlie iii- 
Tormation mu.st be .sent across tlte corptis callosum to the motor cortex olTlie right 
hemisphere, which controls the left hand* Apparently, information about the two 
forms of Japanese symbols is iratismitted throtigh different parts of the corpus cal¬ 
losum; the brain damage of the patient studied by Kawamura and his ct>lleagues dis- 
niplcd (>ne of these palliways but not the other. (See Figure !3.22.) 

As we saw in the section on reading, some patients (those with direct dyslexia) 
can read aloud without being able to iincieislatid wiiat they are reading. Similarly, 


Figure 13.22 

The role of the corpus catlosum in Japanese writing. 
Information about kana and kanji characters apparently 
crosses different parts of the corpus callosum. 
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some patients can write words tlial are dictated In them even 
though tliey cannot understand these words (Roellgen, Rmlii, 
and Heilman, 1986; Lesser, 1989). Of course, they cannot ctnn- 
municate by means oiTvriting, because they cannot translate 
tiieir thoughts into words. (In fact, because most of these pa- 
tients liave sustained extensive hraiti rlamage, their thought 
processes themselves are severely disturbed*) Some of tliese [>a- 
tienlscan even spell pront>unceable nonwords, whicfi indicates 
that tlieir ability to spell phonetically is intact. Roeligen et al. 
(1986} referred to this disorder as semanlk agraphia, but \ycv~ 
haps the term r//mv fiysgiriphia wm\d be more appropriate, be¬ 
cause ol the parallel with direct dyslexia. 


Developmental Dyslexias 

Some diildreu liave great difficulty learning to read and never 
l>ecoine llueiit readers, even iliongli they are otlierwise intelli¬ 
gent. Specific language learning disorders, called develop- 
menta] dyslexia^, lend to occur in families, a finding that 
suggests a genetic (and hence biological) component (Pen¬ 
nington et al., 1991; Wolff anti Mcingailis, 1994). I .inkage stud¬ 
ies suggest that ibe chromosomes 6 and 15 may contain geties 
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rcsjKnisible lor cliiTerent conipoiKMits oj tins clisorclcr ((ii i^oi riiko ei al,, 1997; 
Fislier tH al., 199t>: (iayan e( aL. 1999; IViryslifu ei al., 2001), rai])ak" ei al. (2003) 
found thdi all era lions in a ^ene t>n chromosome 15 that produces a nuclear |)rotein 
appear to be associated \v'iih <le\'elopineiital dyslexia, Tbe I unction of this pnuein 
has not yet been iiiciuinerl, 

A study oi fifty-six flvslexic boys in Sydney, Ausiralia, found that two-iliirds of 
them showed ini pair men ts in both phonological and word-form reading. .Among 
the other iliirti, 04 pei ceni had difncnlty onlv with phonological reading, and 4(> [ler- 
cent bati difliculty only with word-form reading (Ciastles and (lohheari, 1993), (You 
will recall that [>lionological flUficullv is llie [jrimai y svmjilom of phonological 
dyslexia, while word-form difdculiy is die primary syin[>tom of surface dyslexia.) 

As we saw earlier, the fael that wr itten language is a recent invention means that 
natural selectic>n could not have given us lirain mechanisms whose onlv^ role is to in¬ 
terpret written language. Thus, we should not expect tliai developmental fivslexia 
invtdv'es only deficits in reading. Inrleed, researchers have found a variety of lan¬ 
guage riefieits ilial do not inv^olve reading. One common deficit isdeflcieni pfiono- 
logical awareness. 7’hat is, people with developmental dyslexia have dilflcultv 
blending or rearranging the sounds t*iWords that they hear (Kden and Zefllro, 
199S). For example, they have flinicnliy recogiii/Jng that ifwe remove the hrsi sound 
from *Vat,” we are left with llie word *'at/'Tliey also have difficuhy distinguishing the 
order of sequences of sounds {Helenius, I'liiela, and Haru 1999). Ihohlems sueli as 
these might he expecteti to impair tfie ahiliiv to read p lionet teal Iv* Dvslexic children 
also tend to have great difficulty in writing: d hey make spelling errors, tliev sliow 
poor s[>atial arrangements of leuers, they omit letters, and their writing tends to 
have weak grammatical development (llahih, 2990), 

Some evidence has been obtained from functional imaging that suggests that 
tile brains of dvslexics process written information ilifferently than do prollcient 
readers. For example, Sfiavwit/ el al, (2992) had seventy dvslexic and seveniv-fnnr 
nondyslexic children reatl vvords and pronounceable nonwords, fhey ioniid signif¬ 
icantly different paitenis tjf hjain activation in tlie two 
groups. The proficient readers showed activation of die 
left oct i[>itotem[>oral and parietoteinp<n al regions and of 
the left and right inferior frontal cortex (wliicli included 
Broca's area), A child's reading skill was positively cot re¬ 
lated witli activation of the led occipitotemporal cortex. 

(See Figure /i,25,) 

Most languages—-including Faiglisfi—contain many 
irregulai wtutls. For exam|)le, ccjusider rnugh, rough, 
hough, and through. Because there is no jjhonetic rule that 
describes how tliese words are to be proiunmccd, readers 
of English are obliged tt> inemoi i/e them. In fact, the 
forty sounds that flisungthsh English words can he spelled 
in up to I 120 differetit ways. In contrast, Italian is miK’h 
more regular; it contains twentvdlve tliffereiit sounds that 
can be spelletl in only tliirlyuhree comhinatious of leuers 
(flelniutfi, 2091). Paulesu et al, (2991) foiind that devel- 
o|)ineiual ilvslexia is rare among people who speak Italian 
and is much more eommoii atnong sjieakers of English 
and Ere lie h (am it her language with many irregular 
words). lAiulesu and ins colleagues identified college stu- 
flents will) a Instorv of clvslexia fVom Italy, France* and 

^ r j 

(7reat Biilain, Italian dvslexics were mucli hardei to find, 
and their disorders were much less severe than those 
I heir English-speaking and Freurlv-speaking counter- 
jjarts. However, when all tliree grou[)S were asketl to reail 


Figirre 13.23 


Three regions of the brain activated in the brains of children as 
they read words and pronounceable nonwords. Proficient readers 
showed activation of all three areas: the left occipitotemporal and 
parietotemporal regions, and the left and right inferior frontal 
cortex. Reading ability was positively correlated the level of 
activation of the occipitotemporal region; activation of this area 
was lower in dyslexic children. 


Inferior frontal 
gyrus 



Parietotemporal 

complex 


Occipitotemporal 

complex 


Adapted from Shaywitz, B. A., Shaywitz, S, E., Pugh, K. R., Mend, W. E„ 
Fuibnghi, R. K., Skucflarski P., Constable, R. T, Marchione. K, E., Fletcher, 

I M., Lyon, G R,, and Gore, J. C. S^o/og/ca/Psychiatry 2002, 52, 101-110, 
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u'liile llit'ir [leads were in a PET scaiinei; llieir scans all showed the same pattern: a 
clecrease in the acti^'^ty of the leit occipitoleinpi>rai rej^ion—die same general re¬ 
gion that Shaywit/ el ah ideiuiried* (See tlie green region lA Figure 13.23.) 

PauJesu aiifi his colleagues concluded thai die brain anomalies dial cause 
dyslexia are similar in the lliree countries diey studied but tliat die regularitv ot Itab 
ian spelling made it much easier (or jDoteniial ckslexics in lialv lo learn to read. Bv 
the way. oilier "dyslexiadriendly” languages include Spanisli, Finnish, ('/ech, and 
|a]janese. One ol die audiors of this study, (Uiris D. Fridi, cites tlie case of an Aus¬ 
tralian boy wlio liveti in Japan. He learned lo read [apanesc normally but was 
tlyslexic in English (Recei- 2001). 


INTERIM SUMMARY 


Disorders of Reading and Writing 

Brain damage can produce reading and writing disorefers. With few exceptions, aphasias are 
accompanied by writing deficits that parallel the speech production deficits and by reading 
deficits that parallel the speech comprehension deficits. Pure alexia is a perceptual deficit 
caused by lesions that produce blindness in the right visual field and destruction of fibers of 
the posterior corpus callosum. 

Research in the past few decades has discovered that acquired reading disorders (dyslex- 
ias) can fall into one of several categories^ and the study of these disorders has provided neu¬ 
ropsychologists and cognitive psychologists with thought-provoking information that has 
helped them understand the brain mechanisms involved in reading. Surface dyslexia, usually 
caused by damage to the left lateral temporal lobe, is a loss of whole-word reading ability. 
Phonological dyslexia, usually caused by damage to the left frontal lobe, is loss of the abil¬ 
ity to read phonetically. Reading of kana (phonetic) and kanji (pictographic) symbols by 
Japanese people are equivalent to phonetic and whole-word reading, and damage to dif¬ 
ferent parts of the brain interfere with these two forms of reading. Direct dyslexia is analo¬ 
gous to transcortical sensory aphasia; the patients can read words aloud but cannot 
understand what they are reading. Some can read both real words and pronounceable non¬ 
words, so both phonetic and whole-word reading can be preserved. 

Brain damage can disrupt writing ability by impairing people's ability to form letters— 
or even specific types of letters, such as uppercase or lowercase letters or vowels. One case 
of dystypta—a specific deficit in the ability to type without other reading or writing disor¬ 
ders—has been reported. Other deficits involve the ability to spell words. We normally use 
at least two different strategies to spell words: phonetic (sounding the word out), and visual 
(remembering how it looks on paper). Two types of dysgraphia—phonological and ortho¬ 
graphic—-represent difficulties implementing phonetic and visual strategies, respectively. The 
existence of these two disorders indicates that several different brain mechanisms are in¬ 
volved in the process of writing. In addition, some patients have a deficit parallel to direct 
dyslexia; they can write words they cannot understand. 

Developmental dyslexia is a hereditary condition that may involve abnormal develop¬ 
ment of parts of the brain that play a role in language. Most developmental dyslexics have 
difficulty with phonological processing—of spoken words as well as written ones. Functional 
imaging studies report decreased activation of a region of the left occipitotemporal cortex 
may be involved in reading deficits. Children who learn to read languages that have writing 
with regular correspondence between spelling and pronunciation (such as Italian) are much 
less likely to become dyslexic than those who learn to read languages with irregular spelling 
(such as English or French). A better understanding of the components of reading and writ¬ 
ing may help us to develop effective teaching methods that will permit people with dyslexia 
to take advantage of the abilities that they do have. 

7aii/e 13.2 summarizes the disorders that were described in this section. 
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Table 13.2 


1 Reading and Writing Disorder PrcKiuced by Brain Damage ^ 


Whole-Word 



Reading Disorder 

Reading 

Phonetic Reading 

Remarks 

Purt alexia 

Poor 

Poor 

Can wnte 

Surface dyslexia 

Poor 

Ckjod 


Phonol optical 
dyslexia 

r 

Good 

Poor 


Otreci dyslexia 

Good 

Good 

Cannot com¬ 
prehend words 


Whole* Word 



Writing Disorder 

Writing 

Phonetic Writing 

Remarks 

Phonological 

dysgraphia 

Good 

Poor 


Ortluigraphic 

dysgraphia 

Poor 

Good 


Semantic 

Good 

fiood 

Cannot com¬ 

agraphia (direct 
dysgraphia) 



prehend words 


THOUGHT QUESTION 

Suppose someone close to you received a head Injury that caused phonological dyslexia. 
What would you do to try to help this person read better? (It would probably be best to 
build on the person's remaining abilities.) Suppose this person needed to learn to read 
some words she or he had never seen before. How would you help the person to do so? 


EPILOGUE 


Analysis of Speech Sounds 


Mr. S., the man described in the chapter 
prologue, had pure word deafness. As 
you learned In this chapter, pure word 
deafness is a perceptual deficit that 
does not affect people's general lan¬ 
guage abilities, nor does it affea their 
ability to recognize non speech sounds. 

As you saw in this chapter, pure word 
deafness is caused by lesions that dam¬ 
age Wernicke's area or prevent it from 
receiving auditory input. Thus, Wer¬ 
nicke's area appears to contain the 
neural network responsible for analyz¬ 
ing speech sounds. The auditory associa¬ 
tion cortex of the right hemisphere is 
apparently involved in perception of 
nonspeech sounds and of the rhythmic 


elements of speech (such as those we 
use for emphasis or to express emo¬ 
tions). Many patients with pure word 
deafness can recognize the emotion ex¬ 
pressed by the intonation of speech 
even though they cannot understand 
what IS being said. In addition, percep¬ 
tion of the melodic and harmonic struc¬ 
ture of music is accomplished by the 
right hemisphere; damage to this hemi¬ 
sphere can result in amusia, or loss of 
musical ability. 

Hemispheric specialization In audi¬ 
tory function is not limited to the hu¬ 
man brain. Heffner and Heffner (1990) 
reviewed a series of experiments from 
their laboratory indicating that the au¬ 


ditory system of the left hemisphere in 
monkeys plays a special role in recogniz¬ 
ing vocal communications. Although 
Japanese macaques obviously cannot 
talk, they do have a repertoire of vocal 
calls that they use to communicate with 
each other. Heffner and Heffner found 
that lesions of the left auditory cortex 
produce a much more severe impair¬ 
ment than right-hemisphere lesions. 

Exactly what do we mean when we 
say that the auditory system of the left 
hemisphere is specialized for the analy¬ 
sts of speech sounds? First, the special¬ 
ization is only for the discrimination of 
the sounds that distinguish one word 
from another, not the sounds related to 
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the rhythmic aspects of speech. In gen¬ 
eral, the sounds that distinguish be¬ 
tween words are very brief, whereas 
those that convey emphasis or emotion 
are of longer duration. Perhaps the au¬ 
ditory system of the feft hemisphere is 
simply specialized for the recognition of 
acoustical events of short duration* 

In a review of the literature, Phillips 
and Farmer (1990) suggest precisely this 
hypothesis. They note that careful studies 
of patients with pure word deafness 
have shown that the patients can distin¬ 
guish between different vowels but not 
between different consonants*—espe¬ 
cially between different stop consonants, 
such as /t/. /d/, /W, or /p/* (Linguists repre¬ 
sent speech sounds by putting letters or 
special phonetic symbols between 
slashes.) Patients with pure word deaf¬ 
ness can generally recognize consonants 
with a long duration, such as /sf, /zJ, or /f/* 
(Say these consonants to yourself, and 
you will see how different they sound.) 

Phillips and Farmer note that the im¬ 
portant acoustical events in speech 


sounds fall within a time range of a few 
milliseconds to a few tens of milliseconds. 
Speech sounds are made by rapidly mov¬ 
ing the lips, tongue, and soft palate, 
which can produce acoustical events that 
can be distinguished only by a fine¬ 
grained analysis. In contrast, most envi¬ 
ronmental sounds do not contain such a 
fine temporal structure. The authors also 
note that "pure" word deafness is not ab¬ 
solutely pure* That Is, when people with 
this disorder are tested carefully with 
recordings of a variety of environmental 
sounds, they have difficulty recognizing 
at least some of them. Although most en¬ 
vironmental sounds do not contain a fine 
temporal structure, some do, and patients 
have difficulty recognizing these. 

Several studies have four^d deficits In 
auditory perception that support Phillips 
and Farmer's "temporal grain'" hypothe¬ 
sis of pure word deafness. For example, 
normal subjects can perceive a series of 
clicks as being separate events when 
they are separated by only 1^3 msec; in 
contrast, patients with pure word deaf- 
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ness require a separation of 15-30 msec. 
In addition, although normal subjects 
can count clicks that are presented at a 
rate of up to 9-11 per second, patients 
with pure word deafness cannot count 
clicks presented faster than 2 per sec¬ 
ond. This perceptual difficulty shows up 
in recognition of nonspeech sounds in 
which the timing of brief events is im¬ 
portant; one study reported that a pa¬ 
tient with pure word deafness could no 
longer understand messages in Morse 
code, although he could still send mes¬ 
sages that way. Thus, his deficit was per¬ 
ceptual, not motor. 

Although more research needs to be 
done on hemispheric differences in the 
functions of the auditory system, the 
temporal grain hypothesis appears to be 
quite reasonable and has considerable 
support. Most investigators have focused 
on the linguistic aspects of language 
deficits produced by brain damage; it is 
clear that study of the brain mechanisms 
involved in the perceptual aspects of 
speech deserves attention, too. 


r KEY CONCEPTS 



SPEECH PRODUCTION AND COMPREHENSION; 
BRAIN MECHANISMS 

1. Broca's area, l<jcak*cl in ihe It-fi fVonial is ini- 

poruiiu in articulating words and ])rudu< ing and un¬ 
derstanding grarninaiical cotistructiuns. 

2. Wernicke's area, located in tlie auditor y association 
cortex of die left hemisphere, is importaui in recog¬ 
nizing ihe sounds of words. 

3. (atniprehension ol'speech involves conneciioits be¬ 
tween Wernicke’s area and memories ihat deihie 
words. These memories are hicaied in ihe sensory as¬ 
sociation cortex, and the conneciioiis are made via 
the posterior language area* 

4. CConduction apha.sia occurs when Wernicke's area and 
Broca’s area can nt> longer ccniimuuicaic directly* 


DISORDERS OF READING AND WRITING 


5. Brain damage can produce a variety of reading and 
writing disorders. Study of these clisorders is helping 
invesiigators discover the l>rain functions necessary 
for these behaviors. 


(k Reading takes two forms: whole-word aiul [i lame lie, 
Wriiiug can be ba.sed on inernorit'S ofdhe sounds the 
words make or their visual shape* 

7* DevclopiiieiUal tlyslexia may be a genetic disorder 
that results in afjnormal development of the brain re¬ 
gions involved in language aliilities. 
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r SUGGESTED WEB SITES 1 


Sleep and Language 

http://thalamus.wustl.edu/course/sleep.html 


This Web site provides an over view of'slee}) [>lieiiojiieiia anci 
or language. 


Dyslexia Web Resources 

http://www.krg raph icsxo*uk/texthelp/d_web.htm 

I'he f'cH Us td die cajlleetuui of Web links is on die lopic 
dyslt^xia 


Aphasia: TrealmenU Prevention, and Cure 
http://www.healthf in kusa/A.htm I 

Ill is page contains a .series oi links I hat will take you to a [>age 
devoted to the topic of a[>hasia. 



CHAPTER OUTLINE 




1- Discuss the causes, symptoms, and treatment of brain tumors, seizure disorders, 


and cerebrovascular accidents. 


■ Tumors 

■ Seizure Disorders 

■ Cerebrovascular 
Accidents 

INTERiM SUMMARY 

■ Disorders of 
Development 

Toxic Chemicals 

Inherited Metabolic Disorders 

Down Syndrome 

INTERIM SUMMARY 

■ Degenerative 
Disorders 

Transmissible Spongiform 
Encephalopathies 

Parkinson's Disease 

Huntington's Disease 

Alzheimer's Disease 

Multiple Sclerosis 

INTERIM SUMMARY 

■ Disorders Caused by 
Infectious Diseases 

INTERIM SUMMARY 



2. Discuss developmental disorders resulting from toxic chemicals, inherited 
metabolic disorders, and Down syndrome. 

3. Discuss research on the role of misfolded prion proteins in the transmissible 
spongiform encephalopathies. 

4. Discuss the causes, symptoms, and available treatments for the degeneration of 
the basal ganglia that occurs in Parkinson's disease and Huntington's disease. 

5. Discuss the causes, symptoms, and potential treatments for the brain degeneration 
caused by Alzheimer's disease and multiple sclerosis. 

6- Discuss the causes, symptoms, and available treatments for encephalitis, dementia 
caused by the AIDS virus, and meningitis. 








PROLOGUE 


It Started with Her Foot 


Mrs* R,, a divorced, fifty-year-old ele¬ 
mentary school teacher, was sitting in 
her car, waiting for the traffic light to 
change. Suddenly, her right foot began 
to shake. Afraid that she would inadver¬ 
tently press the accelerator and lurch 
forward Into the intersection, she quickly 
grabbed the shift lever and switched the 
transmission Into neutral. Now her lower 
leg was shaking; then her upper leg, as 
well. With horrified fascination she felt 
her body, then her arm, begin to shake 
in rhythm with her leg. The shaking 
slowed and finally stopped. By this time 
the light had changed to green, and the 
cars behind her began honking at her. 
She missed that green light, but by the 
time the light changed again, she had 
recovered enough to put the car in gear 
and drive home. 

Mrs. R. was frightened by her experi¬ 
ence and tried in vain to think what she 


might have done to cause it. The next 
evening, some close friends visited her 
apartment for dinner. She found it hard 
to concentrate on their conversation 
and thought of telling them about her 
spell, but she finally decided not to 
bring up the matter. After dinner, while 
she was clearing the dishes off the table, 
her right foot began shaking again. This 
time she was standing up, and the con¬ 
tractions—much more violent than be¬ 
fore—caused her to fall. Her friends, 
seated in the living room, heard the 
noise and came running to see what had 
happened. They saw Mrs. R. lying on the 
floor, her legs and arms held out stiffly 
before her, vibrating uncontrollably. Her 
head was thrown back and she seemed 
not to hear their anxious questions. The 
convulsion soon ceased; less than a 
minute later, Mrs. R. regained conscious¬ 
ness but seemed dazed and confused. 


Mrs. R. was brought by ambulance to 
a hospital. After learning about her first 
spell and hearing her friends describe the 
convulsion, the emergency room physi¬ 
cian immediately called a neurologist, 
who ordered a CT scan. The scan showed 
a small, circular white spot right where 
the neurologist expected it, between the 
frontal lobes, above the corpus callosum. 
Two days later, a neurosurgeon removed 
a small benign tumor, and Mrs. R. made 
an uneventful recovery. 

When my colleagues and I met Mrs. 
R., we saw a pleasant, intelligent 
woman, much relieved to know that her 
type of brain tumor rarely produces 
brain damage if it is removed in time. 
Indeed, although we tested her care¬ 
fully, we found no signs of intellectual 
impairment. 


A lthough tilt* brain is tlie tnost protected organ, many pailiolugical processes 
can damage it or disriipi its Innctioning. Because mucli of wliat we Irave 
learned about tlte funciions of the human brain has been gained by studying 
people with brain damage* you have already eneoiintcred many neurological disor¬ 
ders in ibis book: movement disorders, siicli as Parkinson's disease; perceptual dis¬ 
orders, such as visual agniisia and blindness causeci by damage to the visual svstem; 
language disorders such as aphasia* alexia, aiicl agraphia; and memory disorders, 
s u c li a.s Ko rsa ko iT s syn d vo me. This c h ap t e r d e sc r i b e s t h e ni aJ o r cat ego ties of't h e 
neuropathological conditions that the brain can .sustain—tumors* seizure disorders* 
cerebrovascular accidents, disorders of development, degenerative distirders, and 
disorders caused bv infectious diseases—^and discusses the behavioral effects of these 
conditions and llieir treatments. 


i 


Tumors 


A tumor is a mass of cells whose growth is uncontrolled and that serves no useful 
function. Some are malignant, or cancerous, and others are benign ('"harmless”). The 
major distinction between malignancy and benignancy is whether ilie tumor is eu- 
fapsuIatF(l:\\ ht'iht:T there is a distinct border between the ma.ss of tumor cells and the 
surrounding tissue. If there is such a border* the tumor is benign; the surgeon can cm 
it out, and it will not regrow. However, if the tumor grows bv infdtralin^ the sur¬ 
rounding tissue, there will be no clear-ciit border between the tumcjr and normal tis¬ 
sue. If the surgeon removes the tumor* some ceils may be missed, and these cells will 
produce a new tumor. In addition* malignant tumors often give rise to metastases. A 
tnetasiasizing tumor will shed cells*’which then travel through the bloodstream, lodge 


malignant tumor A cancerous 
(literally, ''harm -producing")tu- 
mor; lacks a distinct border and 
may metastasize. 

benign tumor (bee nine) A non- 
cancerous (literally, ' harmless") 
tumor: has a distinct border and 
cannot metastasize, 

metastasis (meb fass fa sis) The 
process by which cells break off of 
a tumor, travel through the vascu¬ 
lar system, and grow elsewhere m 
the body. 
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Figure 14.1 

A slice of a human brain, showing how a large nonmalignant 
tumor (a meningioma) has displaced the right side of the 
brain toward the left. {The dashed fine indicates the location 
of the midl'me.) The right lateral ventricle is almost 
completely occluded. 


Courtesy of A. D'Agostino. Good Samaritan Hospital. Portland. 
Oregon. 




Types of Brain Tumors 


Gliomtis 

Cilioblasioma multifoniiae (poorly-differeiumted 
glial cells) 

Astro c'v tom a (astrocytes) 

Kpcndyinoma (ependymal cells that line ventricles) 

Medulloblastoma (cells in roof of fourth ventricle) 

Oligode n d racy to ma (oUgoden droev te s) 

Mmingiama (cells of the meninges) 

Pituitary arienoma (hormone-secreting cells of the 
pituitary gland) 

Nmrivoma (Schwann cells or cells of connective tissue 
covering cranial nerves) 

Metastatic carcinoma (depends on nature of primary 
tumor) 

Angioma (cells of blood vessels) 

Pineahma (cells of pineal gland) 



glioma {glee oh mah) A cancer¬ 
ous brain tumor composed of one 
of several types of glial cells. 

meningioma (men in jee oh ma) 
A benign brain tumor composed 
of the cells that constitute the 
meninges. 


\u ca]>ilhii ies, and serve as seeds for the growth of new nnnors in dilfereni locatiun.s 
in the body. 

Tumors damage brain tissue by two means: compression and innUration. Obvi¬ 
ously, any tumor grf>wing in the brain, malignant ur benign, can produce neurolog¬ 
ical symptoms and threaten the patient's life. Even a benign tumor occupies space 
and thus pushes against the brain. The compression can directly destroy brain tissue, 
or it can do so indirectly by blocking the flow of cerebrospinal flnid and causing hy¬ 
drocephalus. Even worse are malignant tumors, which cause both compression and 
inilUraiion. As a malignant tumor grows, it invades the surrounding region and de¬ 
stroys cells in its path. Figure 14.1 illustrates the compressive effect ol a large rmn- 
malignant tumor. As you can see, the tumor has displaced the lateral and third 
ventricles. (See Figure 14JA 

Tumors do not arise from nerve cells, which are not capable of dhiding. Instead, 
they arise from other cells f ound in the brain or from metastases originating elsew'here 
in the body. The must common U'pes are listed in Table 14. L (See Table 14JA The 
most seiious types of tumors are metiistases and the gliomas (derived from \'arinus 
opes of glial cells), which are usually very malignant and fast growing. Figures 14,2 and 
14,3 show gliomas located in the basal ganglia and the pons, respectively. (See figures 
74.2 and 74.5.) Figure 14.4 show-s an ependymoma in the lateral ventricles, (See Fig¬ 
ure 14.4A Some tumors are sensiti\'e to radiation and can be desiroyed by a l>eam of 
l adiation focused on them. Usually a neurosurgeon iii st removes as much of the tu¬ 
mor as possible, and then the remaining cells are targeted by the radiation. 

T he chapter prologue described a woman whose sudden onset of seizures sug¬ 
gested the presence of a tumor near the top of the primary motor cortex. Indeed, 
she had a meningioma^ an encapsulated, benign tumor consisting of cells that con¬ 
stitute the tlura mater or arachnoid membrane. Such tumors tend to originate in the 
part of the dura mater that is found beUveen the two cerebral hemispheres, or along 
the tentorium, the sheet of dura mater that lies between the occipital lobes and the 
ce re be 11 n m. (See Figure 74,5.) 
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Figure 14.2 

A slice of a human brain, showing a large glioma located in 
the basal ganglia, which has invaded both the left and 
right lateral ventricles. 



Courtesy of A D'Agostino, Good Samanian Hospital, Portland, 
Oregon. 

Figure 14.4 

A slice of a human brain, showing an ependymoma of the 
left lateral ventricle (arrowheacO* 



Courtesy of A. D'Agostino, Good Samaritan Hospital, Portland, 
Oregon. 


Figure 14.3 

A midsagittal view of a human brain, showing a glioma 
located in the dorsal pons (arrowhead). 



Courtesy of A. D'Agostino, Good Samaritan Hospital, Portland, 
Oregon 


Figure 14.5 

A CT scan of a brain, showing the 
presence of a meningioma (round 
white spot indicated by the arrow). 



Courtesy of J. McA. Jones, Good Samaritan 
Hospital, Portland, Oregon 


i 


Seizure Disorders 


Brcaust* of negative coiinoLalions that wtn c accjuirctl in iIk' past, niatty pliysiciaD.s 
prt^fer not to use \hc term Iiisloatl, tlicv use ihr [jluasc seizure disorder to 

refer to a condilion that lias many causes. Seizure disorders cousiitute the second 

H 

most important category of neurological disorders, following stroke. A sHzutrh a pe¬ 
riod of sudden, exeessive activity of ceivbial neurons. Someurnes. if tunirons that 
make up the motor system are involved, a seizure can cause a convulsion, which is 
wild, uncontrollable activity of the muscles. BiU tjot all seizures cause convulsions; in 
fact, most do not. 


I seizure disorder The preferred 
term for epilepsy. 

I convulsion A violent sequence of 

I uncontfollable muscular move¬ 
ments caused by a seizure. 
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Table 14.2 


The Classtfication of Seizure Disorders 


I. Goiiomli/ed st:i/.iires (wiih no apparent local 
onset) 

A. Tonic-clonic (grand inal) 

B. Absence (pent maJ) 

C. Atonic (loss of muscle tone; lernpijrary 
paralysis) 

If Partial sei>:ures (starting from a focus) 

A. Simple (no major change in consciousness) 

1, Localized motor seizure 

2. Motor seizure^ with progression of move¬ 
ments as seizure spreads along the primary 
motor coitex 

3, Sensory (somatosensory, vtsuaf auditory^ 
olfactory, vestibular) 

4. Psychic (forced thinking, fear, anger, etc.) 
5* Autonomic (e.g., sweating, salirating, etc.) 

B. Complex (with altered consciousness) 

Includes l«-5, as above 

[II. Partial seizures (simple or complex) evolving to 
generalized cortical seizure: Siarts as IIA or IIB, 
then liecomes a giand mal seizure 


partial seizure A seizure that be¬ 
gins at a focus and remains local¬ 
ized, not generalizing to the rest 
of the brain. 

generalized seizure A seizure 
that involves most of the brain, as 
contrasted with a partial seizure, 
which remains localized. 

simple partial seizure A partial 
seizure, starting from a focus and 
remaining localized, that does not 
produce loss of consciousness. 

complex partial seizure A par¬ 
tial seizure, starting from a focus 
and remaining localized, that pro¬ 
duces loss of consciousness. 

grand mal seizure A general¬ 
ized, tonic-clonic seizure, which 
results in a convulsion. 


I’ahlc 14.2 prcsciiLsa summary (4 ihc most importaru 
cau-gorics of seizure discHders. Two disliiRlions are im- 
|>oriaru: fiaiiial versus genmtUzed .seizures and simple vei“ 
sirs complex inws. Partial seizures iiave a ileihiile focus, oi 
source oi’ irritatiou: typically, a scarred region caused by 
an old injury. 4 he neurons that i>econie involved in die 
seizure ai e restrieied to a small part of die brain. Gener¬ 
alized seizures are widespread, involving most ol' the 
brain. In many cases they grow fVoni a (beus, but in some 
cases iheir oiigin is not discovered. Simple and complex 
seizures are ivvf> categories of j:)artial seizures. Simple par¬ 
tial seizures often cause rhfinges in consciousness bin do 
not cause loss of consciouHiiess. In conliasi, fvecause of 
their particular location and severity, complex partial 
seizures lead to loss of consciousness. (See Table 14,2J) 
The most seveie form of seizure is often referred to as 
grand mal. This seizure is generalized, and liecause it in¬ 
cludes the motor systems of die brain, it is aecoinfjajiied bv 
convulsions. Olfen, belbre having a grand mal sei/ure, a 
person has warning symf)toms, such as changes in mood 
oi ptajiaps a few sudtlen jerks of musculai' aciiviivori awak¬ 
ening. (Almosi everyone sometimes experiences these 
jolts while failing a.slet^[>.) A few seconds belbre the seizure 
occurs, tire person often ex[>eriences an aura, vvliich is pi e- 
sninably caused bv exciunion of neurons sunounding a 
seizure focus. I'liis excitatU)n has elTeeis similar to liiose 
dial wtmid be ju’oduced by electrical slininlalion of the re¬ 
gion. Obviously, the nature of an aura varies according to 
the location oi’the focus. For exam[)le, because structures in the lenifxjral lobe are 
involved in the eonti’ol of emotional beliaviors, seizures dial originate from a focus 
located there often begin w'illi feelings oldear and dread or, occasionally, euphoria. 

The beginning of’a grand mal seizure is called die tonic phase. All the patient's 
muscles contract forcefully The anus are rigidly ouLstretched, and lie tir she may 
make an involuntary cry a.s the tense muscles Ibrce air out ol die lungs. (At this point 
the [laiient is comjiletely unconscious.) The patient holds a l igifl posture for about 
1.5 seconds, and tfieii llie clonic phase begins. (f.Vew/rmean.s “agitated.”) The muscles 
begin trembling, tlien sUirlJerkingconvnlsively—cpiickly at lirst, then more and more 
slowly. Meanwhile, the eyes roll, the f)atieiil’s face is contorted witli violent grimaces, 
and tlie temgue may be bitten, hueiise activmyof the aulonoinic nervous sysiem man¬ 
ifests ilseli' in sweating and salivation. After about 30 seconds, tlie [>aiieni's muscles 
relax; only then does breathing begin again, Tlie patient falls into a sui[>orous, un¬ 
responsive sleep, w4uch lasts for alioul 15 minutes. After iliat tlie (>aiieiu may awaken 
brieily but usually (alls liack into an exhausted sleep that may last for a few lioiir.s. 

Recordings made during graiul mal seizures from electrodes iniplanted into pa¬ 
tients' brains show that neural firing first begins in tlie focus at the lime of tlie aura; 
it tlien spreatls to otlier regions of the brain (Adams and Victor, 1981). The activity 
s[jreads to regions surrounding the locus and tlien to the contralateral cortex 
(tlirough the corpus callosum), die basal ganglia, ibe thalamus, atul various nuclei 
of’tlie brain stem reticular lormauoii. Al ibis point the sym[}tonis begin. T he excited 
subcortical regiems feed back more excitation to the cortex, amplifying the activity 
there. Neurons in the motor cortex begin firing coiitinuoiisly, jii oducing the tonic 
phase. Next, diencephalic slrucuires begin quencliing the seizure by sending in¬ 
hibitory messages to the coi tex. At first the inhibition comes in brief bursts; this 
causes the jerking movements of the clonic phase, as die muscles repeatedly relax 
and then contract again. Then the bursts o(’inhibition become more ainl more [>ro- 
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Figure 14.6 



longed, and ilie jerks occur more and nioi c slowly. Finally* 
die inhibldon wins* and tlie [>aticnrs nniscles relax. 

Other types ol sei/nres are lar less draniatie. Partial 
sei/ures involve relatively small [>orli(>ns oi'ihe brain. The 
syinptoirisean inclncle sensory changes* motor activity; or 
both. Foi’ example* a sini[}le jjartial sei/nre tliai begins in 
<n’ near the motor cortex can in%-olve jerking movements 
that begin in t>ne ]:)lace and spread ihrougliont the l>o<ly 
as die excitation spieads along the precetUral g\Tns. In 
die cKapler jirologue I described such a ]ji ogression, 
caused bv a seizure triggered by a meniiigit>ma- The lii- 
moi was pressing against ilie "'fboi” region of the lell pri¬ 
mary motor cortex- When the seizure began, ii involvi'd 
the (dot; as it spread* it began involving the other parts (>[ 
the body. (See Figure 14.6,) Mrs. R/s first spell was a sim- 
[jle partial seizin e* hut licr second one—mneb more se¬ 
vere—woulfl be classed as a complex partial seizure, 
bt'cause she lost consciousness- A seizure beginning in tlie ^ 

occipital lolie may jiroduce visual svmptonis such as s[>ots 
of color, flaslies oDighi, or temporary blinfiness; one orig- 
inatiug in tlie parietal lobe can evoke somaiosensaiions, 
such as feelings of pins and needles or heat and colfl. 

Seizures in the temporal lt>l>es may cause hallucinations 
dial include old metnories; jiresnmahly, neural circuits in¬ 
volved in these memories are activateti by the spreading 
excitation. Depending on tlie location and extent of the 
seizure, the jialient may or may not lose conscionsiiess. 

(Children are especially .susceptible to seizure disorders. Many of them do not have 
grand mal ejnsodes bin. instead, have very brief seizures dial are referred to as spells 
ol absence. During an absence seizure* wliich is a gfmeralm'/i seizure disorder* they slop 
wliat tliev are doing and stare olTinto tlie distance for a few seconds, often blinking 
llieir eves repeaiedlv, ('I’hese spells are also soinetimc^s reierred to as pefit seizures.) 
Duritig this time they are unresponsive', and iliey usually do not notice their attacks. 
Because absence seizures can ocenr up to several hundt ed limes each day; they can dis- 
r ii])i a cliilcFs perroniiance in school. I iiforiunately; many of diese clnkiren are con¬ 
sidered to be inattentive and nmnoiiv"ated unless the disoider is diagnosed. 

Seizures can liave serious consequences: They can cause brain damage. .Appi’ox- 
imaiely per<‘eni of patients with seizure disorders show evidence of‘damage to the 
liippocamjnis, Flie amount of damage is correlated with the number and severity ol 
seizures the patient has had. Signincani [nppocainjxil damage ran be caused by a sin¬ 
gle episode of status epilepticus, a condition in wliich the paiiem undergoes a series 
of seizures will It )ui regaining consciousness, riie damage ap[jears to be caused f)y an 
excessive release ol gliilamale during the seizure (Thonqison el al.* 1996). 

Seizures have many causes. The nrosl common cause is scarring* which may be 
pn>duced by an injury; a stroke, or the irritating elTect of a growing tumor. For in¬ 
juries tlie development of seizures may take a considerable ainonui of time. Often, 
a [Ku soii who receives a bead injury from an automobile accident will nt>t start hav¬ 
ing seizures until several months later. 

Various drugs and infections dial cause a high fever can also produce seizures. 
In atldition, seizures ai e coniiiionly seen in alcoliol or fjarbiturate adtiicts who sud¬ 
denly sto[> taking the drug; the sudden release from the inhibiting effects olThe al¬ 
cohol or harljiturate leaves the brain in a hvf>erexcitable condition. In fact* this 
condition is a medical emergency, because it can be fatal. 

F.vidence suggests that NMDA receptors may hv involverl In the seizures caused 
by alcohol withdrawal. As you saw in (Chapter 12, NMDA receptors are specialized 


Primary motor cortex and seizures. Mrs. R."s seizure began in the 
foot region of the primary motor cortex, and as the seizure 
spread, more and more parts of her body became involved. 


aura A sensation that precedes a 
seizure; its exact nature depends on 
the location of the seizure focus. 

tonic phase The first phase of a 
grand mal seizure, in which all of 
the patients skeletal muscles are 
contracted. 

clonk phase The phase of a 
grand mal seizure in which the 
patient shows rhythmic jerking 
movements. 

absence A type of seizure disor¬ 
der often seen in children; charac¬ 
terized by periods of inattention, 
which are not subsequently re¬ 
membered; also called petit mal 
seizure. 

status epileptkus A condition in 
which a patient undergoes a se¬ 
nes of seizures without regaining 
consciousness. 
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^liUiiinaio recej^lors tfiat control calciiiin channels. 1 liesc clunincls open onlv when 
^Intamaie binds with the receptor <ind the mein!>rane is de[x>lai ized. Tliis double 
contingency is w'liat seems to be responsible idr at least tine kind ol'svnaphc niodi- 
neatit>n invt>Ked in learning. Several sutdies have shown that alcohol blocks NMt>A 
receptors (Ckin/ales, 1990). Perha[>s, then, long-term suppression ol NNlDA recep¬ 
tors caused by chronic alcohol intake results in snpersensitivitv or “ti[>regulaiioiK" a 
compensatory mechanism pro<!iieed by long-term inhibition ot the receptors. W'lien 
an alcoliollc stiddenly stops drinking, the NMDA recej^Uns, wliieh liave been su[> 
pressed lor st> long, suddenly rebound. The increased aeiivity causes sei/ures, 

Sei/nre disorders ai e treated wath anticonvnLsaiit drugs, many of which vvt)rk h\ 
increasing the effectiveness of” inhibitory synapses. Most disorders respotul well 
enough iliai llie patient can lead a normal lile. fit a few instances drtigs provide little 
or tK> help. Sumetiines, sei/nre foci remain so initable that despite drug treatment, 
brain snigery is required, l ire surgeoit removes the region of” the braitt stirrtmnding 
llie focus (almost always, the medial lempoi al lobe). Most patienis recovei* well, with 
ilieii sei/nres eliminated tjr greatlv reduced in freqttencv. Mrs, R/s tivatinenl was a 
different matter; in her case the removal of a meningimna eliminated the soin ce of” 
llie irritation and ended her sei/nres. N{> heallhv brain tissue was removed. 


f Cerebrovascular Accidents 


Voti have already learned about the of cerebrovascular accidents, or strokes, in 

earlier chapters. For example, we saw that strokes can produce impairments in per¬ 
ception, emotional recognition and ex[>ressi(m, memory, and language. This sec- 
ii«)n will describe onlv tfieir causes and treamiems. 



Research with both animals and humans has shown that 
exercise and sensory stimulation facilitate recovery of 
functions lost as a result of brain damage. 


Fhe incidence t>i strokes in the United States is approximately 050,009 per vear, 
TUv likeliliood ol’ having a stroke is related to age; the probabililv donliles each 
decade after 45 years of age and reaches 1-2 percent [>er year bv age 75 (Wolfe cl 

al,, 1992). The two major ivpes t)f strokes are kemorrh iim\ o/j- 
sfrurfivr. Hemorrhagic strokes are caused by l>leeding witliin 

the brain, nsuallvffoin a maltormcd blood ves.sel or from one 

* 

weakened by high blood presstire, I'he blood dial seejis out of 
the defective bloodvessel aecnmnlates within the brain, putting 
pressure on the surrounding brain tissue and damaging it. Ob¬ 
structive strokes—tliose dial plug up a 1>1o(k1 vessel and pre¬ 
vent llie How oi blood—can be caused bv dirombi or emboli. 
(Lo.ss of blood Ilow to a region is called ischemia^ finni the 
Cheek isflieifh *4o hold l>ack/'and kaimo, “blood.”) A thrombm 
is a blood cloi dial foi ins in blood vessels, especialIv in places 
w'bei e their walls are already damaged. Sometimes, ihrond>i l>e- 
conie so large that blood cannot flow^ dirougb the vessel, caus¬ 
ing a stroke. People who are .susceptible to tlie foi nunion of 
ihiomhi are often advised to take a tlrngsttch as aspirin, which 
helps to jneveni cloi idrniauon. An embolus is a [liece of ina- 
lerial that forms in one pan of the vascular system, breaks off, 
and is carried througli the bloodstream nnlil it reaches an 
artery loo small to pass through. It lodges there, damming tlie 
flow' oJ‘ blood through the rest of the vascular tree (the 
“bi’anches” and “twigs” arising from the arterv), Fmboli can 
consist of a varielv of materials, including bacterial debiis i rinii 
an infection in the lining tyfthe heart or pieces broken ol’f from 
a blootJ clot. As we will see in a laier seciitni, emboli can inlrt)- 
duce a bacterial inlectlfui into the bi ain. (See figure 14,7,) 
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Figure 14.7 

Strokes, {a) Formation of thrombi arid emboli, (b) An intracerebral hemorrhage* 



Beginning of 
thrombus 


Thrombus occludes 


Atherosclerotic 

plaque 


Embolus breaks 
off of thrombus, 
occludes smaller 
artery 



Small arteries rupturing 



Intracerebral hemorrhage 
causing a compressive effect 



Strokes produce pennaneiu brain damage, but depending on the si/e oftlie a(- 
lecLed blot>d vessel, tlie amount of damage can vary from negligible to massive. If a 
liemorrhagic stroke is caused by high blood pressure, medication Ls given to reduce 
it. If one is causerl bvvveak and malf ormed blood vessels, brain surgerv mav he used 
to seal off the faulty vessels to prevent another liemonhage* If a thrf)inbus was re^ 
sponsible for the stroke, anticoagulant drugs will be given lo make llie blood less 
likely to clot, reducing the likelihood of another stroke. If an embf>lus bn)ke away 
JVom a bacterial infection, aniibioiics will be given to suppress the infection. 

What, exactly; causes the death of neurons when the blood supply to a l egion of 
the brain is iiuerru[5ted? We [uight expect that the neurons simply starve to death 
because tlicy lose their supply of glucose and oxygen to metabolize it. I lowever, re¬ 
search indicates that the itnmediate cause of neuron death is the presence of exces¬ 
sive aiiKnuiEs of glutamate. In other words* the damage produced by loss of blood 
ilow^ to a region of the brain is actually an excitotoxic lesion, just like one prochiced 
in a laboratory animal by the injection of a chemical such as kainic acid* (See Ko 
roshetz and Mnskowitz, 1990, for a review*) 

When the blood supply to a region of the brain is interrupted, the oxygen and glu¬ 
cose ill that region are quicklv depicted. As a consequence, the sodium-potas.sium 
transporters, which regulate the balance of ions inside and outside the cell, stop func¬ 
tioning, Neural membranes become depolarized, which causes the release of gluta¬ 
mate* The activation of glutamate receptors further increases ilie inflow of stidium 
ions and causes cells to absorb excessive amounts of calcium* (As we .saw' in (Ihapier 4, 
different types of glutamate receptors control different ion channels: NMDA recej> 
tors c(jntn>l calcium channels, and kainate and AM FA receptors control soditim chan¬ 
nels,) The presence of excessive amounts of sodium and calcium within cells is toxic. 
The intracellular sodium causes the cells to absorb water and swx4l* The inllammation 
attracts microglia and activates tliein, causing them to become phagocytic* The phago¬ 
cytic microglia begin destroying injured cells. In Ham ma lion al.so attracts wiiite blood 
cells, which can adliere to the walls of capillaries near the ischemic regit>n and obstruct 


hemorrhagic stroke A cerebro¬ 
vascular accident caused by the 
rupture of a cerebral blood vessel. 

obstructive stroke A cerebrovas¬ 
cular acciderit caused by occlusion 
of a blood vessel. 

ischemia {is Iree mee uh) The 
interruption of the blood supply 
to a region of the body. 

thrombus A blood dot that 
forms withm a blood vessel, 
which may occlude it. 

embolus (6mm bo tus) A piece of 
matter (such as a blood dot, fat, 
or bacterial debris) that dislodges 
from its site of origin and occludes 
an artery; in the brain an embolus 
can lead to a stroke. 
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free radical A nnolecuJe with un¬ 
paired electrons: acts as a power¬ 
ful oxidizing agent; toxic to cells. 


ilioin. The presence of excessive amounts of calcium in the ceils activaies a varieiv ol 
calciiiin-clependeiU en/yines, many of wliicli destroy molecules that are vital Inr nor¬ 
mal cell lunctioning. FinalK> tlainagcd mitocliondna produce free radicals—mole¬ 
cules with unpaired electrons that act as ptnvei ful oxidizing agents. Free radicals arc 
extremelv toxic; they destroy nucleic acids, proleius, and iktiy acids. 

In recent yeais, researchers liave souglit ways to minimize the amnimt oi brain 
damage caused by strokes. One appruacii has been to administer drugs that dissolve 
blood clots in an attempt to reestai)lish circulation to an ischemic i>rain region, Tina 
approach has met with some success. Marler el al (2000) found that administration 
of a cioHlissolving drug called rt-PA (recombinant tissue plasminogen activator) af¬ 
ter the onset of a stroke liad clear beneihs, especially if it was given williin 90 minutes. 

Another tlierapentic approach has been to prevent tfie death of cells in the re¬ 
gion tftat surrounds ilie isclicinic region. Clells in this regioJi live as long as sevei al 
days bill are eventually killed by inllarnmalion, free radicals, and tite ef fects of ex¬ 
cessive glutamate rclea.se. Researcliers are experimenting with anii-iiiflammatory 
agents, di ngs tliat block glutamate i ecepiors, chemicals that bind with free radicals 
and inactivate them, and drugs that stimulate inhibitory (iAHA rcceploi s (Koroshclz 
and iMoskowitz, 199(>). Research witli laboratory animals and [>i‘eliminary clinical tr i¬ 
als provide liope that such treatments may ininiini/e the damage to the human l>rain 
caused bv strokes. 


Figure 14.8 

Effects of envrronmentai stimulation (exposure to a 
complex environment) on recovery from traumatic brain 
injury. Latency to reach the platform of a Morris milk 
maze as a funaion of days of training. 


Depending tm the location of the brain damage, people who have strokes will 
receive [physical therapy, and [>erhaps speecfi therapy, to lielp them recover fiotn 
tlieir disability. Several studies have shtjwn that exercise and sensorv stimnlalion can 

I* 

facilitate rectwery from the ef fects of’brain damage. For example, Tanh et al. (199-^) 
studied patients with strokes that impaired tiieir ability to use one arm and liand. 
They foiced the patients to use the impaired limb by putting lire wmiy/crWarm in a 
sling for four teen days, riiis pioccdnre produced Iciiig-term impi'ovcmenl in the f>a- 
tienis' ability to use the affected arm. And in a lal>oi atory study witli rats, Hamm el 
al. (1996) f’onnd that environmental stimulation faciliiateti recovery from ti aiimatic 
brain injury similar to a concussion that might he causeti by an antomohtle accident. 

Mter producing the lirain injury, die investigators placed one 
gr oup olTais in a complex environment that contained objects 
to explore. File other r ats were placed in empty cages that con¬ 
tained only food and water, len days later, both grtmps w^ere 
trained on the Morris milk maze. (As we saw in Ckiapter 12, 
learning this ta.sk involves relational meinoryt a relatively com¬ 
plex cognitive ability.) Tfic environmental .stimulation provided 



Adapted from Hamm, R J.. Temple, M, D„ O'Dell, D, M., Pike, 

B. R., and Lyeth, B. G. Journal of Neurotrauma, 1996, 13, 41-47, 


to tlie fir.st group clearly facilitated ihe animals' recovery from 
the effects of ihe l>rain damage. (See Figure 14.8.) 


INTERIM SUMMARY 


Tumors, Seizure Disorders, 
and Cerebrovascular Accidents 

Neurological disorders have many causes. Because we have learned much 
about the functions of the human brain from studying the behavior of 
people with various neurological disorders, you have already learned 
about many of them in previous chapters of this book. Brain tumors are 
caused by the uncontrolled growth of various types of cells other than 
neurons. They can be benign or malignant. Benign tumors are encapsu¬ 
lated and thus have a distinct border; when one is surgically removed, the 
surgeon has a good chance of getting all of it. Tumors produce brain dam¬ 
age by compression and, in the case of malignant tumors, infiltration. 
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Seizures are periodic episodes of abnormal electrical activity of the brain. Partial seizures 
are localized, beginning with a focus—usually, some scar tissue caused by previous damage 
or a tumor. When they begin, they often produce an aura, consisting of particular sensations 
or changes in mood. Simple partial seizures do not produce profound changes in conscious¬ 
ness; complex partial seizures do. Generalized seizures may or may not originate at a single 
focus, but they involve most of the brain. Some seizures involve motor activity; the most se¬ 
rious are the grand mal convulsions that accompany generalized seizures. The convulsions 
are caused by involvement of the brain's motor systems; the patient first shows a tonic phase, 
consisting of a few seconds of rigidity, and then a clonic phase, consisting of rhythmic jerk¬ 
ing. Absence seizures, also called petit mal seizures, are common in children. These gener¬ 
alized seizures are characterized by periods of inattention and temporary loss of awareness. 
Seizures produced by abstinence after prolonged heavy intake of alcohol appear to be pro¬ 
duced by supersensitivity (up-regulation) of NMD A receptors. 

Cerebrovascular accidents damage parts of the brain through rupture of a blood vessel 
or occlusion (obstruction) of a blood vessel by a thrombus or embolus. A thrombus is a blood 
clot that forms within a blood vessel. An embolus is a piece of debris that is carried through 
the bloodstream and lodges in an artery. Emboli can arise from infections within the cham¬ 
bers of the heart or can consist of pieces of thrombi. The lack of blood flow appears to dam¬ 
age neurons primarily by stimulating a massive release of glutamate, which causes 
Inflammation, phagocytosis by activated microglia, the production of free radicals, and ac¬ 
tivation of calcium-dependent enzymes. Potential treatments for stroke include administra¬ 
tion of drugs that dissolve clots, reduce inflammation, block glutamate receptors, inactivate 
free radicals, or stimulate inhibitory GABA receptors. After a stroke has occurred, physical 
therapy can facilitate recovery and minimize a patient's deficits. 


f Disorders of Development 


As you will see iti ilils section, brain developmem can be affected adversely by the 
presence of toxic elieiiiieuLs duriiij^ prej^nancy and f>y genetic abnoniialities, both 
liereditar V arid nunliereditarv* In some instances tlte result is menia] retardation. 


Toxic Chemicals 

A common catise ol mental retardati<Hi is ilie presence of toxins that impair fetal de¬ 
velopment during pregnancy. For example, ii a woman contracts rtibelia ((ierman 
measles) early in pregnancy, ilie toxic cliemicals released by the vii us interfere with 
the chemical signals that control normal deveh>pmeni of the brain. Most women 
who receive goixl lieallli care will be imnutni/ed lor rul)ella to prevent tliem from 
contracting it during pregnancy. 

In addition to the toxins procluced by viruses, various drugs can adversely affect 
leial flevelopmetn. For example, mental retardation can be caused by the ingestion 
ol alcohol (hiring pregnancy. Babies born to alcoholic women are typically smaller 
than average and develop more skmly. Many of them exlnbit fetal alcohol syndrome, 
which is cltaracier i/ed by afinonnal facial devefopmeni and deficient brain develo|> 
mein. Figure 14.9 slunvs phou^grajjhs of Abe face of a child willi leial alctdiol syU’ 
drome, (4 a rat fetus whost' mother was fe(i alcohol during pi egnann, and of a normal 
rat fetu.s. .As you can see, alcohol produces similar abnomialilies in tlie (jffspi ing (^f 
both sperie.s. Tlie facial abnormaiiiies are relatively miim[)orlant, of course. Much 
more serious are the abnormal i lies in ilte development of the brain. {See Fi^tre 14.9,) 

Recent research suggest.s that aleuhoi disrupts normal brain development by in- 
tei fei ing witli a neural adhesion protein—a pi oLein that helps to guiile the growtii 
of neurons in the developing brain {Braun, 199b). Prenatal exposure to alcohol even 
appears to have clireci ef fects on nenral plasticity. Stithei lanch McDonald, and 


' fetal alcohol syndrome A bjrth 
defect caused by ingestion of al¬ 
cohol by a pregnant woman; in¬ 
cludes characteristic facial 
anomalies and faulty brain 
development 

neural adhesion protein A pro¬ 
tein that plays a role in brain de¬ 
velopment; helps to guide the 
growth of neurons. 
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Figure 14.9 

A child with fetal alcohol syndrome, along with magnified views of a rat fetus, (a) Fetus whose 
mother received alcohol during pregnancy, (b) Normal rat fetus. 
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Photographs courtesy of Kathenne K. SuNk. 


(1997) found that the offspring of female rats tliat are given moderate 
amounts of alcohol during pregnancy sliovved smaller amonnts of long-term poten¬ 
tiation (described in Chapter 12). 

A \vt>tnan need not be an alcoholic to impair the development of her offspring; 
some investigators believe that fetal alcohol sviidrome can be caused bv a single al¬ 
coholic binge duritig a critical period of fetal development. Now that we reeugni/e 
the dangers of this syndrome, pregnant women ai e advised to abstain from alcohol 
(and frcnn other drugs not specincally prescribed by their physician) while their bod¬ 
ies are engaged in the task of .sustaining the development of another human being. 


phenylketonuria (PKU) {fee nuf 
kee ta new ree uh) A hereditary 
disorder caused by the absence of 
an enzyme that converts the 
amino acid phenylalanine to tyro¬ 
sine; the accumulation of pheny¬ 
lalanine causes brain damage 
unless a special diet is imple¬ 
mented soon after birth. 


Inherited Metabolic Disorders 

Several inherited “errors of rnctabulisEii” can catisc brain damage or impair brain de¬ 
velopment, Normal tunciioning of cells requires iniricaie interactions among count¬ 
less biochemical systems. As yon know; these sy.stems depend on en/ymes, which arc 
responsible for constructing or breaking dowii parLicidar chemical compounds, l-ai- 
/ymes are proteins and iherelnrc are produced by mechanisms involving the chrcF 
mosomes, which contain the recipes lor tfieir synthesis. “Errors of melab<)lism” refer 
to getietic abnormalities in which the recipe for a particular enzyme is in error, so 
the enzyme cannot be synthesized. If the enzviiie is a critical one, the results can be 
very seriotis. 

I’here are at least a hundred different inlierited nieiabolic di.sojTlers that can al- 
fect the developmetu of the brain, T'be most cennmon and best-known is called 
phenylketonuria (PKU). This disease is caused by an inherited lackof'an enzyiTie that 
converts phenylalanine (an amino acid) into tyrosine (anolher amino acid). Exces¬ 
sive amounts of ];)henylalanine in the bhxxl interfere with the iiiyelijiization of neu¬ 
rons in the central nervous system. Much ol the myeliiiization of the cerebral 

r V 

hemispheres takes place after birth. Thus, when an infant born with PKU receives 
hK>ds containing phenyialanine* the amino acid accnmnlaies, and the brain fails to 
devek)[j normally. The result is severe mental retardalicm. vviih an average IQ of ap¬ 
proximately 29 by six years of age. 

Foi tniiately, PKU can he treated by putting the infant on a low-phenylalanine 
diet. The diet keeps the blood level of phenylalanine low, and myeliinzaiion of tlie 
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tciural iKTvous svsteni lakes place noniially. Once nwelhii/.aiion is (‘otiiplele, ilic 
dictarv restlaiuLs can be relaxed soiiiewhaL because a high level ni phenyialaniue tio 
longer tt> reate ns brain developtneni. During jjienaial develop men l a fetus is pro¬ 
tected bv its moiher's normal metabolism, whieli removes tlie piietnialanine from 
its circulation. However, tl the lias PRU, she must fVdlow a strict diet during 

pregnancy or lier infant will be born with brain damage. If she eats a normal diet, 
rich in plienvlalanine, tile liigh biotxl level ol tbis compound wilt not datnage her 
brain, but it will damage that of ber fetus. 

Diagnosing PKH immedialely after birth Is imperative so ihai the inl’ani's brain 
i.s never exposed to liigli levels of plienylalanine, Clonsequenily, many govtu nments 
have pa.ssed laws that mandate a PKU lest for all newborn babies. Hie lest is inex¬ 
pensive and accurate, and it has prevented tnany cases of mental retardation. 

Other genetic errtirs oi metabolism can l>e treated in similar fashion. For ex¬ 
ample, nmreated pyridoxine dependency restilts in damage to cerebral wlhle in al¬ 
ter, to liie ilialamus, and to the cerebellum, II is treated by large doses of vitamin B^.. 
Another error of nietabolisni, galactosemia, is an inability i<j nietaboli/e galactose, 
a sugar found in milk. Ifil is not tieated, iu too, causes damage to cerebral white mat¬ 
ter and In the eerebellum. The treat men I is use of a milk snbstiline that does not con* 
tain galactose, (Oalaciosemia should not be eonfiised with fartose whieli 

is caiised by an insnificient ptxjdncdon of lactase, the digestive en/yme that breaks 
down lactose. Lactose intolerance leads to dige.stive disturbance, not brain damage.) 

Some other inherited metabolic <list>rders cannot vei be treated successfnilv. For 

r # 

example, Tay-Sach.s disease, which occurs mainly in children oi‘Kasteni F.uro[>ean 
jewish descent, causes the brain to swell and damage iiselfagainst the inside of the 
skull and against tlie folds of the clura mater than encase it. Fbe neurological symfj- 
Uims begin hy lour montlis of age anti inehide an exaggerateti startle res[>ouse to 
sounds, lisilessness, iri itability, spasticity, seizures, dementia, and, rmally, death, 

Tav-Sachs disease is one tii'several metabolic ‘'slorage"tlisorders. All cells contain 
sacs of material encased in membrane, called lystisomes (Missolving btidies"). These 
sacs eonstilute tile celPs rubbish-removal svsieni; diev contain en/vmes lliat break 
down waste substances tliat cells produce in the course of ilieir normal activities. The 
broken-tlown waste jnoducis aie then recycled (used by die cells again) or excreted. 
Metabtdie storage disortlers are genetic errors of nietabolisni in which one or more 
vital en/vmes are missing. Particular kin<ls of waste products caunot be tlesiroyed by 
the Ivsosnmes, so thev accumulaie. The lysosomes gel larger and larger, the cells get 
largei' and larger, and eventuallv the brain begins to swell and become damaged. 

Researcliers investigating berediiarv errors of metabolism hcjpe to prevent or 
treat these dis<nders in several ways. Some will be treated like PRU or gaiactosemia, 
by avoiding a consiiuient of the diet that cannot be tolerated. Others, such as pyri¬ 
doxine clependeiiey, will be treated bv admitiistering a substance that the body re* 
f|uires. Still others may be cni ed senile day l)y the technicjues of genetic engineering, 
Mnises infect cells by inserting ilieir own genetic material into lliem and llius tak¬ 
ing over the cells' genetic machinerv, using it to reproduce themselves. Perhajis one 
day, l esearchers will develo[> sjx-dal vii iises that will 'infecr an infant's cells with ge¬ 
netic information that is ueedefl to produce the enzymes that die cells lack, leaving 
die 1 ‘est of the cells' functions intact. Such viruses have alreadvvielded useful results, 
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such as the development of bacteria that ]>rt>duce human insulin. Some day they 
migiii cure human genetic disorders as well. 


Down Syndrome 

Down syndrome is a congenital disorder that results In abnormal development of the 
brain, producing mental retardation in varying degrees, Cmtgrtftia/ dws not neces¬ 
sarily mean hnrdttffry: h simply refers to a disorder that one is born with. Down syn¬ 
drome is caused not by the inheritance of a (auhy gene but by the ])ossession eyfan 


1 pyridoxine dependency (peer i 
dox een] A melaboNc disorder in 
I which an infant requires larger- 
than-normal amounts of pyriefox- 
ine (vitamin B^) to avoid 
I neurological symptoms. 

I gala ctose m i a iga lak tow see 
mee u/i) An inherited metabolic 
disorder in which galactose 
(milk sugar! cannot easily be 
metabolized, 

Tay-Sachs disease A heritable, 
fatal, metabolic storage disorder; 
lack of enzymes in lysosomes 
causes accumulation of waste 
produces and swelling of celts of 
the brain. 

Down syndrome A disorder 
caused by the presence of an ex¬ 
tra twenty-first chromosome, 
characterized by moderate to se¬ 
vere mental retardation and often 
by physical abnormalities. 
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People with Down syndrome, caused by the 
presence of an extra twenty*first chromosome, are 
often only mildly retarded, and many of them can 
function well with only minimal supervision. 


cxtrii twcMitv-Hrsi chnniiosonic. Tlic synclnmie is closclv associaLccl 

i** 1* ■ 

with ilie mother’s age; in most cases .something goes wrong willi 
some of her ova» resulting in ilie presence of itvo (rather tfiati one) 
iweniy^nrsi chromosomes. VVlien iertili/ation occurs, tlie acklition of' 
the father's iweiuy-first cliromosome makes hiree, rather tlian two. 
I'ite extra clirotnosome presumably causes bioclienhcal clianges that 
iiMpair normal [>rain clevelopmeiu. The development of fimniomtir- 
sis^ a pr<)cecinre whereby stime ilnicl is withdrawn frotn a [jregnant 
woman's uterus ilirougli a hvpodermic syringe, has allowed physi¬ 
cians tf* ideruify fetal cells with cluomosomal ahnunnalities and tliiis 
deierjDitie whether lire fetus carries Dovvti syndrome. 

Down syndrome, described in 18h6 by John l.aiigdon Down, oc¬ 
curs in approximately 1 out of 70(J births. An experienced (jb.server 
can recogni/e peoj^le with this distnclcr; they have round heads, 
thick, protruding tongties that lend to keep the mouth open much 
oi the lime, stul)by hantls, short siatni fs low-set ears, and somewhat 
siantiiig eyelids. They are slow to learn to talk, hut mmi do talk by age 
."i. The brain of a person with Down syndrome is approximately 10 
percent lighter than that of a normal }>erson, llie cent volutions {g\'ri 
and sulci) are simpler and smalletv the Irontal loi>es ai e small, and 
the superior temporal g)TUS {the location of Wernicke's area) is thin. 
After age 80 the brain develops abnormal mierosco])ic structures and 
begins to degenerate. Because this degeneration resembles that ol 
Al/heimer's disease, it will he discussed in the next sechoin 

Althougli the occurrence of any form of mental retardation is a 
liagedy, people with Down svndrome are often only moderately re¬ 
tarded. Giveti proper training, many of them can f unctit>n well witli 
otdy minimal supervision. 


INTERIM SUMMARY 


Disorders of Development 

Developmental disorders can result in brain damage serious enough to cause mental retar¬ 
dation. During pregnancy the fetus is especially sensitive to toxins, such as alcohol or chem¬ 
icals produced by some viruses. Several inherited metabolic disorders can also impair brain 
development. For example, phenylketonuria is caused by the lack of an enzyme that converts 
phenylalanine into tyrosine. Brain damage can be averted by feeding the infant a diet low 
in phenylalanine, so early diagnosis is essential. Other inherited metabolic disorders include 
pyridoxine dependency, which can be treated by vitamin 8^, and galactosemia, which can be 
treated with a diet that does not contain milk sugar. Storage disorders, such as Tay-Sachs dis¬ 
ease, are caused by the inability of cells to destroy waste products within the lysosomes, 
which causes the cells to swell and eventually die. So far, these disorders cannot be treated. 
Down syndrome is produced by the presence of an extra twenty-first chromosome. The brain 
development of people with Down syndrome is abnormal, and after age 30 their brains de¬ 
velop features similar to those of people with Alzheimer's disease. 


i 


Degenerative Disorders 


Many disease processes cau.se degeneration of the cells of the brain. Some of these 
coucliuons injure [xirlicular kinds ofcells, a fact that provides the hope that research 
will imeover ilie causes otThe damage and find a way to halt h and prevent it from 
occnri’iiig in other [leople. 
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Transmissible Spongiform Encephalopathies 

Tlic ()uU)rcak (jf lit>viiU' spongilorni cnrc[>hiil(>patliy (BSK, or "mad cow discascn In 
Circal Britain In tlic laic I98()s and early 199()s hroiighi a ]>ccuiiar Idmi of’brain dis¬ 
ease to public atu lUitni. BSl’ is a transmissible spongiform encephalopathy (TSE)— 
aconiagious brain disease {"enccplialo[>atby*^) whose tlegeiieralive jji ocess gives the 
brain a sponge-like (or Swiss cheese-like) appearance. Besides BSK. these diseases in- 
eliuie (aeui/leldi-|akob flisease, faiai familial insomnia* and knru* which af feci hu¬ 
mans* and scrapie* which primarily af’iecls slieep, Altlimigli scrapie cannot be 
iransmilierl lo hnmans* liSE can* and [>nKiuces a variani of Clreutzfeldl;|akob dis¬ 
ease. Allliongli ihev can have a long incubation period, TSEs are ultimately fatal. 

Unlike other iransitiissihle diseases* I’SEs are not caused by microorganisms, bin 
by simple [iroteins, which have been called prions, or '"ptfiiein inreciious agents" 
(Ih iisiner, 1982). Ih ion proteins are [Ji imarily found in the membrane of neurons* 
where tlieyare ixdieved to [jlay a role In syuaplic function, llu' secjuence of amimj 
acitls of normal [>rion protein (ErPe) and infeclious prion (PrPSc) are identical. 
Mow* then, can two ])roteins wilh the same amino acitl secjiieiices have such tiiffer- 
eiil effects? I’he answer is that the lunctions of’proteins are largely delermined l>y 
their ihree-dimensitmal shapes. The only tliiierence between PrPe and PrPSc is tlie 
way ilic protein is folded. And once misfolded Prl^Sc is inirofhiced into a cell, it 
causes normal Pt Pe lo become misfolded toc^* so abnormal proteins accumulaie 
within neurons* ultimalely killing them. {See Hel/ et al.* 2008* fora revievv.) 

VVbaiever role normal lb Pe plays* il does not seem essential for the Hfe oj a cell* 
Ihieler ei al. {1993) found that mice with a targeted mutation of the prion protein 
geiu^ showetl normal development anti behavior, despite the fact that they c<miainerl 
absolnielv no prion protein. Moreovta, they tlid not develo[> mouse sera[>ie when 
tiiev were inoculated widt the misfolded prions that c ause iliis disease. Normal niiee 
inoculated with these jji ions died within six months* 

Mai I lice i et al. (2903) prepared a genetically modi lied mouse strain whose neu¬ 
rons produced an enzyme at 12 weeks of age tliat destroyed normal prion protein. 
M a few weeks of age the exjierimenlers infected the animals with misi’olded mouse 
sera[>ie [Jiions. Soon ihereaflei; the animals began developing s]>ong)^ holes in their 
brains* indicating that they were infeeted witli mouse scrapie. Then* al 12 W'c'cks* the 
enzvme became aciive and started destroying normal PrPe. Although analysis 
showed that glial cells in the brain siill containc'd misfolded F'rlbSe* the disease pro¬ 
cess stopped. Neurons slopped making normal which could no longer he con¬ 

vened liuo PrPSc, so the mice went on to live normal lives, fhe disease |>rocess 
eonlinued to progress in iniee without the sjjecial enzyme, and these animaissoon 
died. I'he auihors coneluded that the jji ocess of c(>nversion of PrPe lo PrPSc is what 
kills cells. The mere [presence ol'PrPSc in the brain (found in nonneuional cells) 
does not cause* tlie tlisease. Figure I T 19 shows the dcwelopntent of spongiform de¬ 
generation and its disa]>pearance after the PrPc-dcsiroving enzvine became active at 
12 weeks oi age* (See Figure 14JO.) 

I low might mishilded piion protein kill ueurcius? As we will see later in lihscha)> 
ter* the brains (if'people wilh sc'veial other degenerative diseases, ineluding I’arkinsoirs 
disease*, .AlzheimeUs disi*ase* and HuniingloiTs disease contain aggregations oi niis- 
folded [yrotciiis (Soto, 2903). As wc saw' in (biapter 3, cells contain the means l>v which 
ilu'v can commit suicide—^a process known as afmptosis. .Apoptosis can he triggered ei¬ 
ther externallv* by a chemical signal telling the cell it is no longer nt'eded (for exam¬ 
ple, during developnieni), and iniernally* by evirlence that biochemical processes in 
liie cell have become disrupted so ifiat tlie cell is no longer functioning properly. Per¬ 
haps die aceinnnlalioii of misfoldefl* abnormal proteins provides such a signal. .Apop¬ 
tosis involves production of "killer eiizvmes" called cBspases. Mallucci el al. (2f)03) 
sngge.si dial inactivation of caspase-l2, the enzyme that appears to he lesponsihle for 
the death of iieurons infected with PrPSe, may provide a IreaimeiU that could arrest 
the jirogre.ss of transniis,sihle spongiform encephalopathies. l^*t's htype they arc right. 


transmissible spongiform en¬ 
cephalopathy A contagious brain 
disease whose degenerative pro¬ 
cess gtves the brain a sponge-like 
appearance; caused by accumula¬ 
tion of misfolded prion protein* 

prion ipree on) A protein that 
can BKist \n two forms that differ 
only in thetr three-dimensional 
shape; accumulation of rnisfolded 
prion protein is responsible 
tor transmissible spongiform 
encephalopathies. 

caspase A "killer enzyme" that 
plays a role in apoptosis, or pro¬ 
grammed cell death* 
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Figure 14.10 

Prevention of neural death and reversal of early spongiosis in scrapre-infected mke after a 
genetically engineered enzyme began to destroy PrPc at 12 weeks of age. Arrows point to 
degenerating neurons in mice without the prion‘destroying enzyme. Spongiosis is seen as holes in 
the brain tissue (arrowheads). 


Normal 

mice 


Mice 

with prion- 
destroying 
enzyme 



8 weeks 


12 weeks 


26 weeks 


48 weeks 


Time after Infection with Scrapies Prion 


From MaJIucct, G., Oicktnson, A , Linehan, j, Klohn, P. C ., Brandnec S., and Coliinge, J. Saence, 2003, 302, 871-874. 


Lewy body Abnormal circular 
structures with a dense core con- 1 
sisting of o-synuclein protein; 
found in the cytoplasm of nigros- 
triatal neurons in people with 
Parkinson's disease. f 

a-synuclein {sin oo kiee in) A 
protein normally found in the 
presynaptic membrane, where it is 
apparently involved in synaptic 
plasticity Abnormal accumula^ I 

tions are apparently the cause of 
neural degeneration in Parkinson's 
disease. 


Parkinson's Disease 

One of ihe most coniinon ncnrolo^ical (tisorckn s, Parkinson s disea.'se, 

is catiscd by degeneration of the nigrosti iatal system—the dopamine-secreting neu¬ 
rons of die substantia nigra that send axons to llie ba.sal ganglia, f lie priniarv svin]> 
toms of l^irkinson's disease are muscular rigidity, slowness of‘ moverneivu a resting 
tremor, and postural instability. For example, once a person with Parkinsotrs disease 
is seated, lie or she finds it difncuh to ari.se. Once the person begins walking, lie or 
slie lias dilficnhy stopping* Tims, a person with Parkin.son's disease cannot easily 
pace back and lorili across a room. Reaching lor an objeci can be accuiaie, but the 
movement nsually begins only after a ctmsiderable delay* Writing is sl<i\v and labored, 
and as it progresses, the letters gel smaller and smaller* Postural mo%enienis are im¬ 
paired. A normal pt'ison who is humped while standing will qiiickiv mtive to restore 
balance—for exam[)le, by taking a step in the direction of the impending (all or bv 
reaching ont wiili the arms to gras[>onioa piece offuiiiiiure. However, a [>erson with 
Parkinson's disease fails to do scj and simply i’alls. A person with this disorder is even 
unlikely to [>nt out bis or her arms to break ihe lall* 

Parkin.son’s disease also pi^odnces a resting tremor—v ibratory moveineiiLs ol the 
anus and hands that diminish somewhat when the indi\i<kial makes purposeful move¬ 
ments. The tiemor is accompanied by rigidity; the joints appear stilT However, die 
tremor and rigidity are not the cause of The slow moveiiieiiLs. In fart, stmie jiatieiits 
with Parkinson's disease slicnv extreme slowness of inovenienis but little or no tremor. 

Fxamination ofTlie brains ol patients wTio had Parkinson's disea.se show's, of 
course, the near-disappearance of nigrostriatal dopaminergic net irons* Many surviv¬ 
ing dojximinergic neurons slnnv Lewy bodies, abnormal circular strticiures found 
within the cyio|ilasni. l.ewy btidies liave a dense [irotein core, surniunded bv a halo 
tjfTadiating libers (Foi no, 1996). (See Figure 14JL) Although most cases of l\irkin- 
son's disease do not appear to have genetic <jrigins, researeheis liave discovered a par- 
licular inula lion tifa gene located on diromosome 4 that will produce tliis disorder 
(Poiynieropoulos ei al., 1996), This gene f)rodnces a protein known as a-synucLein, 
which is noi iiially ibmicl in die pre.synaj^lic menifirane and is thought to be involved 
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ill svnaptic plasuciiy, 'I'he miuatidii causes ihe foruuuion of aggrega¬ 
tions of niisfulded a-synuclciii, especially in dopaminergic neurons 
(Cioecleri, 2001), Tlie dense core of Lem' bodies consists primarily of 
these aggregaLit>ns. Another lierediiarv form t>i Parkinson’s disease is 
caused by muiation of a gene diat has been named iMtrkin (Kiiada et al., 

1998), The protein ii produces appears to play a role in ferrying defec¬ 
tive or degraded proteins to the proteosomes—organelles responsible 
for destroying these proteins (Fishman and Oyler, 2002). This muta- 
ticuu loo. permits toxic levels of a-synuclein to accumulate in ck>pamin- 
ergic neurons. 

Although there are several forms of hereditary parkinsonisni. in¬ 
cluding the [nutation Ijusi described, the overwhelming majority of the 
cases of this disease are sporadk. That is, they occur in people without a 
family history of ParkinsoiTs disease, V^'hai, then, triggers the accumu¬ 
lation ofa-svnuclein and the destruction of dopaminergic neurons? Re¬ 
search suggests that Parkinson's disease may he caused by toxins present 
in die environment, by faulty metabolism, nr by iinrcctignized infec¬ 
tious disorders. As you saw in the prologue and epilogue of t’hapter 4, 
several young people who took a drug contaminated with MPTP devel¬ 
oped Parkinsonism, Besides MPTP, die insecticides rotenone and paraquat can also 
cause Parkin son’s disease—and, presumably, so can some other uniden tilled toxins. 
All of these chemicals inhibit some mitochondrial functioiis, which leads lo the ag- 
gregauon of misfolded a-synuclein, especially in dopaminergic neurons. These ac¬ 
cumulated proteins eventually kill the cells (Dawson and Dawson, 2003), 

As we saw in ("hapter 4, the standard treatment for Parkinson’s disease is i .-DOPA, 
tile precursor of dopamine. An increased level of l-DOPA in the brain causes a pa¬ 
tient’s remaining dopaminergic neurons to produce and secrete more dopamine 
and, for a time, alleviates the siinpUims of the disease. But this compensation does 
not work indefinitely; eventually, the number of [ligrosti iatal dopaminergic neurons 
declines to such a low level that the symptoms become worse. In addition, high levels 
of 1,-DOPA produce side effects by acting on dopaminergic systems other than the ni- 
grosiriatal system. Some patients—especially those whose s) [iiplom.s began when they 
were relatively voung—become liedridden, scarcely able to tnove, 

Xeurosurgeons liave been developing three stereotaxic procedures designed to 
alleviate the svmptoms of Parkitison’s disease iliat no longer respond to treatment 
wiili l-DOPA. The first one, transplantation of fetal tissue, attempts to reestablish the 
secretion ofdopatnine iti the neostriatum. The tissue is obtained from the substan¬ 
tia nigra of aborted luiman fetuses and implanted into the caudate nucleus and pula- 
men bv means oi stereotaxicallv guided needles. Although the procedure is still 
experimental, some good results have been obtained. As we sa^v in Chapter 5, 
scans have shown that dopaminergic fetal cells are able to grow in their new host and 
secrete dopamine, reducing the patient’s symptoms. In a study of 32 patients with fe¬ 
tal tissue traiisplanis. Freed et ak {2092) found that those whose symptoms iiad pre¬ 
viously responded to l.-DOFA were most likely lo benefit from the surgery. 
Presumaljlv, these patients had a siilflcieni nnniber of basal ganglia neurons with re¬ 
ceptors that could [yv stimulated bv the dopamine secreted by either the medication 
or the transplanted tissue. 

Because of ethical and practical issues, investigators have continued to search idr 
other sources of dopamine-secreting neurons. Fetal flopaminergie cells are dilflcult 
lo obtain, and about 90 percent of them die through apoptosis once tliey are trans¬ 
planted inU) tlte liuman brain. One potential source of neurons could come from 
cultures of fetal stem eells—undifferentiated cells that have the ability, if appropri¬ 
ately stimulated, lo develop into a variety of types of cc41s, including dopaminergic 
neurons {Freed, 2002), A signillcam advantage of human stem cells is that large 
numbers of cells could be transplanted, thus increasing the numbers of surviving 
cells in the patients’ braitis. 


Figure 14.11 

A photomicrograph of the substantia nigra of a 
patient with Parkinson's disease. A Lewy body is 
indicated by the arrow. 





Photograph courtesy of Dr. Don Born, University of 
Washington. 


proteosome An organelle re¬ 
sponsible for destroying defective 
or degraded proteins within the 
cell. 
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internal division of the globus 
pallidus (GPj) A division of the ' 

globus pallidus that provides in- , 

hrbitory input to the motor cortex 
via the thalamus: sometimes 
stereotaxically lesioned to treat 
the symptoms of Parkinson's 
I disease* L 


Anotlter proccciure lias a lonj^ fiisKiry; hiil only recently liave technological de¬ 
velopments in iina^in^ methods ami elecirophysiolo^ical leriniic|ues led lo an in¬ 
crease in its fKjpLilarity. The principal ontpiil of die basal ganglia comes from the 
internal division of the globus pallidus (GP*). (The caudate nucleus, pmaiiien, and 
globus ])allidus are ihe three major components oi the basal ganglia.) Tliis output, 
which is directed dirough tlie thalamus to tlie motor cortex, is inhihiiory, Kurilier- 
more, a decrease in the activity of the dopaminergic input to the caudate nucleus 
and putanien causes an in the activity of the GP|* rhus, damage to the (iPj 

might be expected to relieve the symploms of Pai kinsoiTs disease. (See Figure 14,12,) 

In the 195()s, Leksell and his colleagues performed pallidoloniics (siu gicaf de- 
siruciion of the internal divisiuti of the gkibus pallidus) in patients with severe 
Parkinsuids disease (Svennilson elal,, 1960; Laiiinen, Ikugenheiiii, and llartz, 1992). 
The singcry often reduced the rigidity and enlianced tlie patienfs ability to move, 
Unforiiinaiely, the surgery uecasionally made the patient’s svmptoms worse and 
sometimes resulted in partial blindness* (The optic tract is located next to tbe GP^.) 

With the development of I^DOIW therapy in the late 196()s, paliidoiomies ivere 
abandtmed, Hoivever, it evenmaily became evident that t-DO PA worked fora limited 
time and that ibe symptoms of Parkinson’s disease would eventually return. For that 


Figure 14.12 

The major connections of the basal ganglia and associated structures* Excitatory connections 
are shown as black lines; inhibitory connections are shown as red lines* Many connections, 
such as the inputs to the substantia nigra, are omitted for clarity Two regions that have been 
targets of stereotaxic surgery for Parkinson's disease—the internal division of the globus 
pallidus and the subthalamus—are outlined in gray* Damage to these regions reduces 
inhibitory input to the thalamus and facilitates movement* 
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ivasoiK in \hv iVHlOs iieuiosiir^coiisa^airi began experinieiuiiigvvilli palHclniomies, 
[list with labnratca V aniiiialsaml then witli lunnan.s {Ca’avl)ieh 1996; l.ai el al,, 2090). 

f ? 

This umc, they used MRI scans to Ond tlie locati«)n o(‘die (iPj and llien inserted an 
electrode into the target legioin They could then j>ass low-inlensilw higlwfiequency 
stiinulatitju tiirougb ihe electrode, ilins teniporaiily <i]sabling the region aronnd its 
tip, lITlie patient’s rigidity disappeared (obvit>usly; the patient is awake during the 
snrgei v), then the electrode was in the right place. To make tlie lesion, the surgeon 
passes radiofrequency current ofsiitficieni strength to beat and destroy the brain tis¬ 
sue. The results ol this procedure hdw been so proniising that several neurological 
teams have begun proinoting its use in the treatment of relatively young patients 
whose svmpionis no longer respond to i.-DOTA. PET studies have found that after 
[>allidotojnw the metabolic activity in the premotor and supplemental y motor areas 
of the frontal lobes, normally depressed m patients w'ith Parkinson’s disease, returns 
to normal levels (Ch aflon et al., 1995), a restih indicating that lesions of the GP. do 
indeed release the motor cortex from inhil>ition. 

Neurosurgeons liave also targeted the siiblhalamtts in patients with advanced 
ParkinsoiTs disease. As Figure 14.12 shows, the stibihalamus hits an excitatory effect 
on the CiPj; thus, damage to the siibthalanins decreases the activity ofdhis region and 
removes some of the inliibition on motor onipiit. (See Figure HJ2.) Normally, dam¬ 
age to the snbthalamus causes involimiary jerking and twitching nu>veinenis. How¬ 
ever, in people with Parkinson’s disease, damage to this region brings motor activity, 
which is normally depressed, back to normal (Giiridi and 
Obeso, 2001), 

The third sierecaaxic procedure aimed at relieving llie 
svmptcniis of Parkiits^m's disease involves implanting elec¬ 
trodes in the subtlialaniic nucleus and attaching a device 
that permits the patient to electrically stimulate the brain 
through the electrodes, (See Figure 14J3d According to 
some studies, deep brain stimulation is as effective as brain 
lesions iji suppressing tremors and has fewer adverse side 
effects (Simmn et al,, 2002; Speelman et ak, 2002), I he fact 
ilial either lesicms or stimulation alleviaies tremors suggests 
that the stimulaiion has an inhibiLorvedcct on subthalamic 
neurons, but this hypothesis has not yet been confirmed. 


Figure 14.13 


Huntington's disease An inher¬ 
ited disorder that causes degener¬ 
ation of the basal ganglia; 
characterized by progressively 
more severe uncontrollable jerking 
movements, writhing movements, 
dementia, and finally death. 


Deep brain stimulation. Electrodes are implanted in the patient's 
brain, arid wires are run under the skin to stimulation devices 
implanted near the collarbone. 


Huntington's Disease 


Another basal ganglia disease, Huntington’s disease, is 
caused by degeneration of the caudate nucleus and ptita- 
meu, especially of CiABAergic and acelyleholinergic neu¬ 
rons. Whereas ParkinsoiTs disease causes a poverty of 
movements, HunliugtonN disease causes uncontrollable 
ones, especially jerky limb movements. The movements 
of HuniingtoiTs disease look like fragments of purposeful 
luovetTienis but occur invoiimtarily. This disease is prty- 
gressive and eveniuallv causes death. 

I he symptoms of 1 IiuuiugtoiTs disease usually begin 
in ihe thirties and forties bin can someiimes begin in the 
early twenties. Vhe firsi signs of ueiii al degenera lion oc¬ 
cur in the jDuiamen, in a specific group of inhibitory neu¬ 
rons. Damage to these neurons removes some inhibitory 
control exerted on the premotor and supplementary iik>- 
Lor areas of the frontal cortex. Loss of this control leads 
to invt>luntarv movements. 

Huntington’s disease is a hereditary disorder, catrsed 
liy a dominant gene on chromosome 4, In fact, the gene 



illustration used with permission by Medtronic, Inc. 
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dementia (tfa men sha) A loss of 
cognitive abilities such as memory, 
perception, verbal ability, and 
judgment; common causes are 
multiple strokes and Alzheimer's 
disease. 

Alzheimer's disease A degenera¬ 
tive brain disorder of unknown 
origin; causes progressive memory 
toss, motor deficits, and eventual 
death. 

neuritic plaque An extracellular 
deposit containing a dense core of 
p-amyloid protein surrounded by 
degenerating axons and dendrites 
and activated microglia and reaC' 
tive astrocytes, 

P-amyloid iamm i loycf) A protein 
found in excessive amounts in the 
brains of patients with Alzheimer's 
disease. 

neurofibrillary tangle <oew row 
fib ri fairy) A dying neuron con¬ 
taining (ntracellular accumulations 
p-amyloid and twisted protein fila¬ 
ments that formerly served as the 
cell's internal skeleton, 

tau protein A protein that nor¬ 
mally serves as a component of 
microtubules, which provide the 
cell's transport mechanism, 

p-amylold precursor protein 
<APP) A protein produced and se- I 
creted by cells that serves as the 
precursor for |i-amyloid protein. 




iias l>eeii lf)catccl, and its defect luis been identified tis a repealed secjuencc nf hast 
that code for ilic amino acid glutamine (Clollaborative Researcii (iroiip, 199^^). This 
repealed setjneiice causes live j^ene product—a protein called to contain 

an elongated stretch of glntainine. 1.anger stretclies of gin tain ine are associated with 
patients wliose symptoms began at a younger age, a finding that strongly suggests 
that this abnormal portion of the huntingtin molecule is responsible for the disease. 

Normal huntingtin is found in the cytoplasm, where it apparently plays a role in 
production of'certain cell organelles (Hildilch-Maguire et ab, 2000). In cells of ge¬ 
netically altered HI) mice that express long huntingtin and develop a disorder that 
closely resembles Huntington's disease, fragments of bnntingtiii begin to accumu¬ 
late in tire nucleus, which apparently triggers the prodnctlon ofeaspase. (As we saw 
in the section on transmissible spongiform encephalopathies, caspase is a "killer en¬ 
zyme" iliai plays a role in apoptosis, or programmed cell death. Li et al. (200f>) found 
that HI) mice lived longer if they were given a caspase inliihitor, which suppresses 
apoptosis. Further research will undoubtedly clarify tlie role of faulty huntingtin prey 
tein in the neuropaiholog\' of HuntingtoiTs disease. Lhifnrtnnately, there is at pre¬ 
sent no treatment for the disorder. 


Alzheimer's Disease 

Several neurological disorders result in dementia, a deterioration of iniellectnal abil¬ 
ities resulting from an organic brain disorder. A common form of dementia is called 
Alzheimer’s disease, which occurs in approximately 7 percent of the population 
above the age of sixty-five and up to 40 percent of people older than eigiitv years. It 
is characteri/ed by progressive loss of'memory and other mejvtal functions. At first, 
people may have difficulty rememhering appointments and sometimes fail to think 
of words or other people's names. As time passes, they show increasing confusion, 
and increasing difficulty witli tasks such as balancing a checkbook. The memory 
deficit most critically in\nlves recent events, and thus it resembles the anterograde 
amnesia oi Korsakoff s syndrome. If people with Alzheimer's disease venture outside 
alone, liiev are likely to gel lust. They eventnallv become bedridden, then become 
completely helpless, and finally sneenmh (Ten y and Davies, 1980). 

Alzheimer's disease produces severe degeneration tif the hijvpocampus, entorhi- 
iial cortex, neocortex (especially the association cortex of ihe frontal and temporal 
lobes), lindens hasalis, locus coenilens, and raphe nuclei. Figure I4.H shows pho¬ 
tographs of the brain of a patient with .AJ/heimer's disease and of a normal brain. You 
can see how much wider the sulci are in ilie patient's brain, indicating substantial loss 
oi conical tissue. (See figure 14,14.) 

Larlier, 1 mentioned lliai the brains of patients with Down svndrome usualIv de¬ 
velop abnormal structures that are also seen in patients with Alzheimer's disease: 
neu ri I if plaques imd ft ntwfibrillary iaagfrs. Neuritic plaques are extracellular deptjsits 
that consist of a dense core of a pixjiein kinmii as (^amyloid, snrroniuled by degen¬ 
erating axons and dendiites, along with activated inici’oglia and reactive astrocytes. 
F.ventnally, the phagoeytic glial cells destroy the degenerating axons and dendrites, 
lea\'itig only a core of |3-amvloid. 

Tile brains of Alzheimer's patients (and patients with Down syndrome) also con¬ 
tain iiUracellnlar abnormalities: neurofibrillary tangles, con.sisiing of dving neurons 
that contain intracellular accumulations oi twisted iilanients of' tau protein, whicli 
norniallv serve as a component of microtubules, which provide the cells' transport 
ineclianisin. During the progression of'Alzheimer's disease, abnormal niamenis are 
seen in the soma and proximal dendi ites of pyminidal ceils in the cerebral cortex. 
These abnormal filaments disrupt transport of substances within the cell, and the 
cell dies, leaving behind a tangle of protein filaments, (See Figure 14.15,) 

Fonnalioii of neuritic plaques is caused bv the production of a defective form of 
|J-amyloid protein. The production of p-amyloid Uike.s sevetal steps. First, a getie en¬ 
codes the pi'oductit)!! of the P-amyloid precursor protein (APP), a chain of appnjxi- 
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Figure 14.14 

Alzheimer's disease, (a) A lateral view of the right side of the brain of a person with Alzheimer's 
disease. {Rostral is to the right; dorsal is up.) Note that the suld of the temporal lobe and parietal 
lobe are especially wide, indicating degeneration of the neocortex {arrowheads}, (b) A lateral view 
of the right side of a normal brain. 



(a) (b) 

Photo of diseased brain courtesy of A. D'Agostino, Gcx3d Samaritan Hospital. Portland, Oregon; photo of normal 
brain © Dan McCoy/Rainbow. 


tnaiclv 700 ainitio ackls. APR is tlioii cut apart in nvii places by cn/ynitrs knf>wn as sec- 
retases U) profluce (i-aniyloid. Tlic firsU p-sccreta.st% cuts tlic '*tail” otrol an APR mole¬ 
cule. The second, Y'St'creiase (^amina-secreiasc), cuts the “head oH/' The result is a 
inolecuie of P-arnyloitl that contains either 40 or 42 amino acids. The location of ihe 
second cni of'ihe APR molecule bvy^Treuise detenniues which Ibrm is produced. In 
normal brains, 00“95 percent (4 the |3-amyloid molecules are of the short form; the 
other 5-10 perreni are of’the loiip^form. In j^atienis with Ali^heimer's disease, the prtJ- 
poriion of loop; (J-amvloid rises to as much as 40 percent (4 the total. High concenlra- 
tioiis of die ItJUg Idrin have a tendency to fold thcniselves improperly arid form 
aggregations, which have toxic effects tni the cell, {xAs vve saw; abnonnally folded pri¬ 
ons form aggregations that catise brain degeneration.) Small amounts of long |3-amy- 
loid can easily [yv cleared from the cell. The molecules are given a lag liiat marks them 
for <lesirucut>n, and they are iransported to tlie proteosomes, where they are rendered 
harmless. However, diis system caniH>t keep up with abnormally high levels of pro 
clueiicm of’long P-amyloid. 

figure 14,10 slums the abnormal accumulation of' 

[5-ainyloid protein in the brain of a jX'ison with Al/heinier\s 
dist‘ase. Khmk el al. {2{)dS) devtdofx'd a drug that binds 
willi [i-ainvloid protein and j eadily crosses the blood- 
brain barrier, Thev gave the patient and a healthy control 
sid>ject an hijecuon of a radioactive form of this drug and 
examined their brains with a PET scanner. Von can see 
the accnmnladon of’the pntteiti in die patient's cerebral 
cortex, (See Figure 14J6.) The ability to measure tlie lev¬ 
els of |i-am\ioifl in die brains of Alzheimer's [>atients will 
enable researchers to evaluate die effective ness of poten¬ 
tial treatments fbi’ the disease. And if such a Lreatmcnl is 
devised, the ability to identify the accumulation of ^amy¬ 
loid early in the development ofThe disease will make it 
possible lo begin a [>anenl's n eat menl before significant 
degeneration—and the accompanying decline in cogni¬ 
tive abilities—has oeenrred. 


secretase {see ere fayss) A class 
of enzymes that cut the [i-amyloid 
precursor protein into srnaller 
fragments, including j3-amyloid. 


Figure 14.15 

A neuritic plaque (center) and neurofibrillary tangles (arrows). 
The dark mass in the center of the neuritic plaque is [i-amyloid 
protein. 



(a) 


<b) 


Photo courtesy of D. J. Selkoe, Brigham and Women's Hospital, Boston, 
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Figure 14.16 

Accumulation of p amyloid protein in the brains of a patient with 
Alzheimer's disease. AD = Alzheimer's disease, MR = structural 
magnetic resonance image, [C-11]PIB PET = PET scan of brains 
after an injection of a radioactive ligand for [i-amyloid protein. 



Cot/rfesy of Willtam Klunk, Western Psychiatric Institute and Clinic, 
Pittsburgh, PA. 


Research luis slunvii tlial at least mimic lor ms of 
Al/licimcr sfliseasc appear to run in 1‘amilics and Lliusa[> 
[)car to t>c hcrccliiat y. Because ilie brains ol pcojdc witli 
Dtnvn syndrome (caused l>v an extra iwetitv-llrst cliromo- 

* j* 

some) also contain deposits of (i-amylold* some invesiiga- 
lois livpodiesi/ed that the twentv-ilrsi elironiosome rnav 
he jjivolved hi tlie production oi’tliis protein. In I’ael, Si. 
(»eorge-Hyslop et al. (1987) found that cfiromosome 21 
r/f>c.v contains the ^ene tliai produces APR 

Since the di.scovery of the APP gene, sevxa al siurlies 
foniid specific nnuations of ihis gene that produce famil¬ 
ial Alzheimer's disease (Marline/ et al., 1993; Farlovv el 
al., 1994). In addition, otlier siudies found muiations of 
presenilin genes on chromosomes I and 14 that also pro¬ 
duce Al/lieimer's riisease. Tlie abnormal APP and prese- 
niliii genes ah cause tlie defective long form of [i-amyloid 
lo be [jrodneed (Hardy, 1997). 4'he identity of the prese¬ 
nilin jjroteins are not yet known for ceiTain, but inve.sii- 
gators believe tliat ihev are eiiher seci etins <>r molecules 
tlia! interact with scci etins. 

\ei anolliei genetic cause of Alzlieimer s disease is a 
mutation in tlie gene for apolipoprotetn E (apo£)^ a glv- 
coprolein dial transports diolesierol in ihe blood anti also 
plays a role in cellular l epair. One allele ol’lhe apoK gene, 
known as K4, increases ihc risk of late-onset Al/.beiiner\s 


presenilin {pree sen iit in) A pro¬ 
tein produced by a faulty gene 
that causes |i-a my lord precursor 
protein to be converted to the ab¬ 
normal short form; may be a 
cause of Alzheimer's disease. 

apolipoprotein E (apoE) {ay po 
tye po proh teen) A glycoprotein 
that transports cholesterol in the 
blood and plays a role in cellular 
repair; presence of the E4 allele of 
the apoE gene increases the risk 
of late-onset Alzheimer's disease. 


disease, a|)parenlly hy inierl'ering vviili the removal of the 
long foi ni of (J-amyloid from the exiracellulai space in the brain (Roses, 1997; Price 
and Sisodia, 1998; Mahlev and Rah, 2009). 

As we saw earlier, ihe brains of Al/heimer’s paltenis contain abnormal forms of 
iwo types of proteins: [J-amyloid protein and tau protein. It appears that excessive 
amounts of abnormal |J-amyloid protein, and not tan protein, are responsible for tlie 
disease. Mutations in die [J-amyk)id pi ecursor, AV\\ produce both forms of abnormal 
proteins and cause llie development of butli neuritic plaques and neurofii>rillarv 
tangles. 1 lowever, mutations in the gene for tan protein [produce only neuiolll^rihaj y 
tangles. The result of these imitations is a disorder known as [mpfolernfforal 
wliicli causes degeiieralion of die fr<>nia! and temporal cortex along wiili die sym[> 
toms of Parkinson’s disease (Cioaie, 1998; Cioeden and Spillantini, 2090). 

Ahliougli tlie siudies I have cited indicate fhai die prodiiciion of ahnoiaual p- 
ainyloid plays an imjioriani nAv in tlie developmeni of Alzheimer's disease, tlie fact 
is that most hirms of Alzheimer’s disease are nof hercdiiar%^ What causes the accie 
imdation t>f [J-amyloid in tliese cases? The answer is tliat we do not know, ahliough 
some investigators have proposed that head injury, infections, excessive use of alco- 
hol or otlier drugs, and exposure to loxic substances can trigger the lormation of 
amyloid platjues. For example, examiiiatitm olTbe bi ains of'people who have sus¬ 
tained closed liead injuries (including those that occur during prize flgliis) cifieii re¬ 
veals a widespread disn’ii>utioii of' amyloid placjites. Tire finding thai estrogen 
replaeeinent therapy subsianiially reduces the risk of Al/lieimer’s di.sease in post¬ 
menopausal women indieales yet another link between pliysiological factors and the 
development of this disease (Hendei son, 1997). 

Acting on observadons that people who had been treated witli anti-inflainmatorv 
dings (for diseases sticdi as liieiimatoid arthritis or leprosy) seemed to have a [xir- 
licularly low rate of Alzheimer’s disease, Rogers et al. (1993) administered in- 
doniethaeiii, a nonsteroid anii-innammaiory drug (NSAID) or a placebo to 44 
patients witli tnild to moderate syinptoms ol Alzheimer's disease. They found livat 
die cognitive performance of tlie drug-treated patients improved by 1.3 percent over 
tlie six-month period, while that of the placebo patienis declined by 8.4 percent. As 
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Rulers noiecl, "We lost about 20 percent of our placebo patients because they went 
dowt) hill bcbavujrallv, so much that they wotildnh lake medicine or sit for the lest 

t * 

anymore* . * * I his diduh happen with the iridomethaciii patients’' (Schnabeh 199-^, 
p* 1719)* As you mi^ht expect> these fincliiifrs have stiniulated iurliter research, and 
drug companies are trying to develop even more effcclive anti-inllammat<jry drugs* 
Recent siiifhes (Sastre, el al*, 2(K)3; Weggen el ah, 2003) suggest that NSAIDs reduce 
ibe proflnction ol'(i-aniyioid by modulating the activity (d secrctase.s* 

Perhaps the most promising approaches to the prevention orAl/lieiiner s disease 
come from recent research with Al) miir —a strain of genetically modified mice lltal 
contain a human gene that leads to the tlevelopmeiu of Abheimer's disease. Sclienck 
et al. (1999) and Bard ei al. (2000) aiLempted to sensitize the immune .sy-siem against 
p-ainyloid* I hey injected Al) mice with a vaccine that, they hoped, would stimulate tlie 
immune system to destroy ji^amyloid. I'be treatment worked: The vaccine suppressed 
the dev(‘lopment of aniylui<l placjues in the brains of mice that received the vaccine 
fVom an early age and hailed or even reversed the develojmient of plaques in miee dial 
rectaved the vaccine later in life* Another appioach also reduced levels of fi-amyloid 
in AI> mice. Dovey el al. (2001) developed a drug that inhibits y^secreiase and found 
that ibis drug did iiuleed reduce the levels of ji-amyloid in the brains of .\D mice. 

A recent clinical trial wiib Al/licimer's palieiits aiiempted tt> destroy ^-amyloid 
by sensitizing the patient's immune systems to the protein (Monsonego and Weiner, 
2003). In a double-blind study; lliirty patients with mild-io-moderale Alzheimer's dis¬ 
ease were given injeclif)ns t>f a portion oI the [Tamyloid protein. Twenty ol’these pa¬ 
tients generated antibodies against P-amylc^id, which slowed the course of ilie 
disease, presumably because tlieir itnmune .systems began destroying p-aniyloid in 
their brain and reducing the neural destruction caused by the accnmulaiifui of this 
prf>tein. I lock etak (2003) compared the cognitive abilities of the [patients who gen¬ 
erated P-amyloid antibodies to ibose who ditl not. As Figure 14.17 shows, antibfidy 
production significantly reduced cognitive decline* (See Figure' 14Al,) 

One (ji the patients whose immune system generated antibodies against p-amyloid 
died of a pulmonary embolism (a blood clot in a blood vessel serving the lungs)* 


Figure 14.17 

Effect of immunization against |i-amyloid protein on the cognitive decline of patients who 
generated p-amyloid antibodies (Successfully immunized patients) and those who did not (Controls). 
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Adapted from Hock, C., Kometzko, U., Streffer, J R., Tracy i., Signorell, K, Mu I let-Til [mans, B., Lemke, U., Henke, 
K., Moritz, E„ Garda, E., Wollmer, M. A,, Umbrichc D., de Quervaln, D. J. R, Hofmann, M., Maddaiena, A., 
Papassotiropoulos, A., and Nitsch, R. M Weuron, 2003, 38, 547-554* 
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Figure 14.18 


A slice of a human bram of a person who had multiple sclerosis. 
The arrowheads point to sclerotic plaques in the white matter. 



Courtesy of A. D'Agostmo, Good Sarnahtan Hospital, Portland, Oregon. 


Nk’oll Cl al. examined iliis [>atietirs brain and 

round evidence lliai the imnuine system had lemoved [i- 
aniyloid from manv leeion.s of ilu- cerebral cortex* Lhilor- 

! I P 

lunaiely, ihe injeclioiis oidhe |3-ann kad amigen caused an 
inflammaiory reaction in tl^e brains of 5 percent of tlie pa¬ 
tients, so the clinical trial was lerminaied. Hfnvever, Mon- 
sonego and Weiner (2(J03) suggest some possible solutions 
to this problem: preparation of a vaccine using a different 
poriiot) of ilie (i-amyloid [protein or aitempiitig to establish 
a pa.ssive immuniiy byadminisiering antibodies developed 
in tissue cultures. All of us who look forward to growing 
old and jeiaining onr cognitive abilities should lro[ 3 e that 
one ofdhese apfjroaches is suceessfuL 

Multiple Sclerosis 

\fiiUi]>le selerrjsis is an auioiinmutie demyelinaiing dis¬ 
ease* At scattered locations within the central tin vous svs- 
tern* myelin sheaths are attacked bv the pet son’s immune 
system, leaving behind liard patches oftiebris called vr/c- 
mitf (See Figttre 14A8J) The normal transmission of neural messages thnnigh 

the demyelinaied axons is interrupted. Because the datnage occurs in while matter 
located througliout the brain and spitial cord, a wide variety of neurological disor- 
dei’s are seen* 

*Multi[>lc sclercrsis afflicts \vomen somewhat more frequenilv than meti, and the 
disorder iisnally occurs in people in their late twenties or ilitnies. People who spend 
their childhood in places far fn>m the equauu' ate iiioie likely to come down with 
the disease than are those who live close to it* In addition, people born during ibe 
late winter and early spring are at higher risk. Hence, it is likely that some disease 
contracted during a childhood spent in a region in wliich the virus is prevalent 
causes the person's immune system to attack his or her owti mvelin* Perha|)s a virus 
weakens the l>iocKi-brain hai rier, allowing myelin protein into the general circula¬ 
tion and sensitizing the immune system to it, or |>erhaps the virus attaches itself to 
myelin. In any eveni* the process is a long-lived one, lasting Idr many decades* 

The only treatment for mulliple sclerosis that has shown any [promise is hiterjhmi 
(iy a pi olein that modulates the responsiveness of the immune svsiein* Aclministra- 
lion t>f inierferon P lias been shown to reduce the frequenev and severitv of attacks 
and slow the progression of neurological disabilities in .some patients with multiple 
sclerosis (Aniasun, 1999). However, the tieamient is onlv [jariiallv effective, and bet¬ 
ter forms of therapy are needed* IWcanse the symptoms of ilie rlisease are usually 
episodic—new or worsening symptoms folltnved hv partial recewerv—'patienis and 
their families often atti ibuie the changes in ihe sym[)tf3ms to whatever has haf>pened 
recently* For example, if the patient has taken a new medication or gone on a new 
diet and the symptoms get wt>rse, they will blame the synqMoms on the medication 
or diet, (aniversely, if the patient gets better, ilicy will credit the medication or diet. 


INTERIM SUMMARY 
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Transmissible spongiform encephalopathies such as Creutzfeldt-Jakob disease, scrapie, and 
bovine spongiform encephalopathy ("mad cow disease") are unique among contagious dis¬ 
eases: They are produced by a simple protein molecule, not by a virus or microbe* The se¬ 
quence of amino acids of normal prion protein (PrPe) and infectious prion protein (PrPSc) are 
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identical, but their three-dimensional shapes differ in the way that they are folded. Some¬ 
how, the presence of a misfolded prion protein in a neuron causes normal prion proteins to 
become misfolded, and a chain reaction ensues. PrPSc accumulates and kills the cell, appar¬ 
ently by triggering apoptosis. 

Parkinson's disease is caused by degeneration of dopamine-secreting neurons of the 
substantia nigra that send axons to the basal ganglia. Study of rare hereditary forms of 
Parkinson's disease reveal that death of these neurons is caused by the aggregation of mis- 
foided protein, f/-synuclein. The accumulation of this protein can be triggered by some tox¬ 
ins, which suggests that nonhereditary forms of the disease may be caused by toxic 
substances present in the environment* Treatment of Parkinson's disease includes adminis¬ 
tration of l-DOPA, implantation of fetal dopaminergic neurons in the basal ganglia, stereo¬ 
taxic destruction of a portion of the globus pallidus or subthalamus, and implantation of 
electrodes that enable the patient to electrically stimulate the subthalamus. 

Alzheimer's disease, another degenerative disorder, involves much more of the brain; 
the disease process eventually destroys most of the hippocampus and cortical gray matter. 
The brains of affected individuals contain many amyloid plaques, which contain a core of 
misfolded long-form p-amyloid protein surrounded by degenerating axons and dendrites, 
and neurofibrillary tangles, composed of dying neurons that contain intracellular accumu¬ 
lations of twisted filaments of tau protein. Hereditary forms of Alzheimer's disease involve 
defective genes for the amyloid precursor protein (APP), for the secretases that cut APP into 
smaller pieces, or for apolipoprotein E (apoE), a glycoprotein involved in transport of cho¬ 
lesterol and the repair of cell membranes* Anti-inflammatory drugs may be useful in fight¬ 
ing this disorder* Other promising treatments include vaccination against p-amyloid and 
drugs that inactivate y-secretase* Multiple sclerosis, a demyelinating disease, Is characterized 
by periodic attacks of neurological symptoms, usually with partial remission between at¬ 
tacks. The damage appears to be caused by the body's immune system, which attacks the 
protein contained in myelin. 




Disorders Caused by Infectious Diseases 


Several neurological clist>rtlers can be caused by infertious diseases, transmiued by 
bacteria, fungi or other parasites* or viruses. The most common arc eiicepiialids and 
meningitis* Encephalitis is an infection iliai invades the entire brain* Tlie nnjsi com¬ 
mon cause of encephaliiis is a virus dial is transiiiitted by mosqniioes, wliich pick up 
the infectious agent from ln>rses, birds* or rodents. The sympUnns oi acute en¬ 
cephalitis include fever* irritability* and nausea* often followed by convttlsions* delir¬ 
ium, and signs of brain damage* sncli as aphasia or paralysis. Unfui tnnalely* there is 
no specific treatment besides supportive care* and between 5 and 20 peirent of cases 
are fata): 20 percent of the survivors show some residual neurological symptoms. 

Encephalitis can also he caused bv the herpes simplex virus, whicli is the cause 
of cold sores (or “fever blisters'’) that most peujjle develup in and around tlieir 
month from time to time* Normally* the viruses liveqnieLly in the trifrf'mhifii ^an- 

nodules on the fifth cranial nerve that contain the cell bodies of stmiaiosensoi y 
neurons that serve the face* The viruses prolil'eraie periodically, traveling down to 
ihe ends of nerve libei s* where they cause sores to develop in rmicons iiienihrane* 
Unfortunately* they oecasiunally (btn rarely) go the odier way into the brain. Her¬ 
pes encephalitis is a serious disease; the virus attacks the IVontal and temporal lobes 
ill panictliar and can severely damage them. 

Two other forms of viral encephalitis are probal>ly already familiar to yon: polio 
and rabies. Acute anterior poliomyelitis (“polit>”) is foruinately very rare in devel¬ 
oped coimlries since the development of vaccines that immunize people against the 
disease. The virus causes specific ciamage to motor neurons t>f tlie brain and spinal 
cord; neurons in the primary motor conex; in tlie nH>tor iiuelei of the tlialamus* 


encephalitis (en seffa /ye tis) An 
inflammation of the brain; caused 
by bacteria, viruses, or toxic 
chemicals, 

herpes simplex virus A virus 
that normally causes cold sores 
near the lips but that can also 
cause brain damage. 

acute anterior poliomyelitis A 

viral disease that destroys motor 
neurons of the brain and spinal 
cord. 
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rabies A fatal viral disease that 
causes brain damage; usually 
transmitted through the bite of an 
infected animal. 

meningitis (men in jy tis) An in¬ 
flammation of the meninges; can 
be caused by viruses or bacteria. 


hypoiltahmius, and braiit stem; in the ct^rcbclliiin; and in the votnral horns of the 
gray inaitor of \hv spinal cord. IJndonhtcdly, these motor neurons contain sonic 
rhcinical sulisiancc dial citlicr atiracis the virus or in some wav makes tlie virns be- 

V 

conic ictlial to them. 

Rabies is caused by a virus that is passed from the saliva of an infected mammal 
directly into a person's flesh by means of a bite wound. The virus travels llirough pe- 
riplieral nerves to the central nervous .system and tliere causes severe damage. The 
symptoms include a short period of fever aiul headache^ follow'ed hy anxieiVi exces¬ 
sive movement and talking, fliffictilty in swallowing, movement disorders, difficulty 
in speaking, sei/ures, confusion, and, MnalK; death within two to .seven days of the 

^ j* 

onset of the symploims. The virus has a special affinity for cells in the cerebellum anti 
hippocampus, and damage to the fuppocampus probably accounts for the emotional 
changes that are seen in the early symptoms. 

Fortunately, the incubation period for rabies lasts up to several months while the 
virus climbs through the peripheral nerves. (If the bite is received in the face or 
neck, the incubation lime will be much shorter, because the virus has a smaller difr 
lance to travel before it reaches the brain.) During the incubation period a person 
can receive a vaccine that will confer an immunity to the disease; the person's own 
immune system will destrov the virus before it reaches ihe brain. 

Several infectious diseases cause brain damage even though they are not pri¬ 
marily diseases of the central nervous system. One snch disease is acquired immune 
dellciency .syndrome (AIDS). Records ofatiUJpsies have revealed that at least 75 per¬ 
cent of people w1u> died of AIDS show' evideiiee of brain damage (Levy and Bre- 
dcsen, 1989), The brain damage often results in a syndrome called AIDS (lemriUiu, 
w'hich is charade ri/ed by a loss of cognitive and motor functions. At first the patients 
may become forgeiftih they may think and reast>n more slowly, and they may have 
word-finding difficulties (anomia), KvenUially, they may become almost mute. Mo¬ 
tor deficits may begin with tremor and difficnlty in making complex movement but 
ilien may progress so much that the patient becomes bedridden (Maj, 199(1). 

Kvitlenee suggests that the cause of AIDS dementia may he the entrv of exce.s- 
sive amounts of calcium into neurons. For several yeai s, r esearchers have been puz¬ 
zled hy the fact that although AIDS certainly causes neural damage, neurons are not 
themselves infected l>y the HIV virus (t he organism responsible inr the disease). Lij> 
ton el al. (199(1) found that the cause of neural death appears to he tlie entry of ex¬ 
cessive amouius of calcium. (As we saw earlier, the death of neurons caii.sed bv 
seizures and by anoxia also involves the eniry of’excessive amounts of C^a^'^.) Upton 
and his colleagues (Lipton, 199b, 1997) suggest that vtrus-infected astrocytes and 
while blood cells may be the cause of the calcium inflow'. The infection causes these 
cells to secrete excitoioxic .substances (including glutamate) that activate NMDA re¬ 
ceptors. The investigators suggest that the drugs being developed to reduce the dam¬ 
age caused hy .strokes may also be useful in treating AIDS dementia. In fact, a clinical 
trial of iiirnodipine, a drug that blocks calcium channels, fbuncl no signs of’toxiciiv, 
and further studies will investigate the effectiveness of this drug in preventing the 
development of neurological symptoms (Navia et al., 1998), 

Anoilier category of infectious diseases of the brain actually involves inilamma- 
ti(ui ofTlie meninges, the layers ol’connective tissue that surround the central ner¬ 
vous system. Meningitis can be caused by viruses or bacteria. The symfxoms t>l all 
forms iiieliide headache, a stiffneck, and, depending on the severity of the disoixlei; 
convulsions, confusion or loss of'consciousness, and sometimes death. The stifTneck 
is one ol ilie most ini|>oriani symptoms. Neck movements cause the meninges to 
stretch: because they are inflamed, the stretch causes severe pain. Thus, ihe patient 
resists having his or Iter neck moved. 

The most common form of viral meningitis usually does not cause signiheam 
brain damage. However, various forms of’bacterial meningitis do. Tlie usual cause is 
spread of a iniddlc-c^ar infection into tlie brain, introduction of’an infection into the 
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biaiji from a head injury, t)r llic presence of embofi that liave dislodj^cd from a bac- 
lei ial infection present in the cliamhers of the lieart. Such an itifeetion is often 
caused by unclean liypodernhc needles; ilicrefore, drug addicts are at particular risk 
for meningitis (as well as many other diseases). The inHammation of the meninges 
c an damage the brain by interfering with circulation of blood or by blocking llic flow 
of'cerehrospinal fluid ihrougli ilie subaraclinoid space, causing bydrocephalns. In 
arldition, the cranial nerves are susceptible to damage. Fortunately, bactcTial menin¬ 
gitis can usually be treated effectively witli antibiotics. Of course, early diagnosis and 
prompt ireaimem are essential, because neither antibiotics nor any other known 
treatnietU can repair a damaged brain. 


INTERIM SUMMARY 


Disorders Caused by Infectious Diseases 

Infectious diseases can damage the brain. Encephalitis, usually caused by a virus, affects the 
entire brain. One form is caused by the herpes simplex virus, which infects the trigeminal 
nerve ganglia of most of the population. This virus tends to attack the frontal and tempo¬ 
ral lobes. The polio virus attacks motor neurons in the brain and spinal cord, resulting in mo¬ 
tor deficits or even paralysis. The rabies virus, acquired by an animal bite, travels through 
peripheral nerves and attacks the brain, particularly the cerebellum and hippocampus. An 
AIDS infection also produces brain damage, perhaps because infected white blood cells and 
astrocytes release excitotoxic chemicals that open calcium channels that permit a lethal dose 
of the ion to enter the cells of the brain. Meningitis is an infection of the meninges, caused 
by viruses or bacteria. The bacterial form, which is usually more serious, is generally caused 
by an ear infection, a head injury, or an embolus from a heart infection. 


EPILOGUE 


Seizure Surgery 


Mrs. R.'s surgery was performed to re¬ 
move a noncancerous brain tumor that, 
incidentally, produced seizures. As I 
mentioned in this chapter, neurosur¬ 
geons occasionally perform surgery 
specifically to remove brain tissue that 
contains a seizure focus. Such an opera¬ 
tion, called seizure surgery, is performed 
only when drug therapy is unsuccessful. 

Because seizure surgery often in¬ 
volves the removal of a substantial 
amount of brain tissue (usually from one 
of the temporal lobes), we might expect 
it to cause behavioral deficits. But in 
most cases the reverse is true; people's 
performance on tests of neuropsycho¬ 
logical functioning usually improves. 

How can the removal of brain tissue im¬ 
prove a person's performance? 

The answer is provided by looking at 
what happens in the brain not during 
seizures but between them. The seizure 


focus, usually a region of scar tissue, irri¬ 
tates the brain tissue surrouriding it, 
causing increased neural activity that 
tends to spread to adjacent regions. Be¬ 
tween seizures this increased excitatory 
aaivity is held in check by a compen¬ 
satory increase in inhibitory activity. 

That is, inhibitory neurons in the region 
surrounding the seizure focus become 
more active, {This phenomenon is 
known as interictaf inhibition; ictus 
means “stroke" in Latin.) A seizure oc¬ 
curs when the excitation overcomes the 
inhibition. 

The problem is that the compen¬ 
satory inhibition does more than hold 
the excitation in check; it also suppresses 
the normal functions of a rather large 
region of brain tissue surrounding the 
seizure focus. Thus, even though the fo¬ 
cus may be small, its effects are felt over 
a much larger area even between 


seizures. Removing the seizure focus 
and some surrounding brain tissue elimi¬ 
nates the source of the irritation and 
makes the compensatory inhibition un¬ 
necessary. Freed from interictal inhibi¬ 
tion, the brain tissue located near the 
site of the former seizure focus can now 
function normally, and the patient's 
neuropsychological abilities will show an 
improvement. 

As I mentioned in this chapter, 
seizures often occur after a head injury, 
but only after a delay of several months. 
The cause of the delay is related to some 
properties of neurons that make learn¬ 
ing possible, Goddard (1967) implanted 
electrodes in the brains of rats and ad¬ 
ministered a brief, weak electrical stimu¬ 
lus once a day. At first the stimulation 
produced no effects, but after several 
days the stimulation began to trigger 
small, short seizures. As days went by, 
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the seizures became larger and longer 
until the animal was finally having full¬ 
blown clonic-tonic convulsions, Goddard 
called the phenomenon kindfing, be¬ 
cause it resembled the way a small fire 
can be kindled to start a larger one. 
Kindling appears to be analogous to 
(earning, and it presumably involves 
changes in synaptic strength like those 
seen in long-term potentiation. It can 
most easily be induced in the temporal 
lobe, which is the place where seizure 
foci are most likely to occur. The proba¬ 
ble reason for the delayed occurrence of 
seizures after a head Injury is that it 
takes time for kindling to occur. The irri¬ 


tation produced by the brain injury 
eventually causes increased synaptic 
strength in excitatory synapses located 
nearby. 

Kindling has become an animal 
model of focal-seizure disorders, and it 
has proved useful in research on the 
causes and treatment of these disorders. 
For example. Silver, Shin, and McNamara 
(1991) produced seizure foci in rats 
through kindling and compared the ef¬ 
fects of some commonly used medica¬ 
tions on both seizures (the electrical 
events within the brain) and convulsions 
(the motor manifestations of the 
seizures). They found that one of the 


drugs they tested prevented the convul¬ 
sions but left seizures intact, whereas 
another prevented both seizures and 
convulsions. Because each seizure is ca¬ 
pable of producing some brain damage 
through overstimulation of neurons (es¬ 
pecially those in the hippocampal for¬ 
mation, which become especially active 
during a seizure), the goal of medical 
treatment should be the elimination of 
seizures, not simply the convulsions that 
accompany them. Research with the ani¬ 
mal model of kindling will undoubtedly 
contribute to the effective treatment of 
focal-seizure disorders. 


r KEY CONCEPTS 


TUMORS 


DEGENERATIVE DISORDERS 


1, Brain Illinois are uncontrollecL growths ol'cells other 
llian neurtnis wiiiiiii the skull ihai daina^te normal tis¬ 
sue by compressioti or rnilltralinu. 


SEIZURE DISORDERS 


9 


Sei/uresare periodic episodes ol’abnoriiial neural fil ¬ 
ing, which can produce a variet)’ of symptoms. They 
usually originate from a focus, hut some have no ap¬ 
parent source of localized irriiation. 


CEREBROVASCULAR ACCIDENTS 



Clerebrovascuhir accidents, hemorrliagic or obstruc¬ 
tive in nature, produce localized brain damage. The 
two most common sources oi’obstructive strokes are 
emboli and ilirombi. 


5, Several degenerative disorders of the nervous system, 
including transmissible spongiform encephalopaibics, 
Parkin.stui’s fiisea,se, Humiugion's disease, Alzheimer's 
disease, and multiple sclerosis, have received much at- 
leniion from sciemisis in recetit years. Ail of iliese dis¬ 
eases except muhiple sclerosis appear lo involve 
accumulatiuus of abnormal proteins. 


DISORDERS CAUSED BY INFECTIOUS DISEASES 

h. Infectious diseases, either viral bacterial, can damage 
the brain. T he two most important infections of the 
central nervous system are encephalitis and menin- 
giiis, but with the rise of the AIDS epidemic, .AIDS de¬ 
mentia complex has become moi e common. 


DISORDERS OF DEVELOPMENT 

4. Developmental disorders can be caused by drugs or 
disease-produced toxins, or by chromosomal or ge¬ 
netic abnormaliiies. 
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SUGGESTED WEB SITES 


Neuropatho]og\' on the Inlemel 
WWW. n e u ropa t.d ote. h u/ 

An c'xcellfiit roiig^ilation (if links lo iieunianarfanv and ntni- 
siies on the inioi net, preparefl bv the nepuri- 
ineni ni Nem^>lot^^ University ni Debrecen, Hniijr-irv, 

Neurophysiology' Figures 

http://w3,uokhscedu/human_physiology/neurofigs,html 

I .inks U) several sites pre[>ai ed bv tlie Oklahoma University (Col¬ 
lege c>lMedicine. 1 ik hirlesan excellent aihLsoi'netiroanaiomv. 

Databases of Neuropathology Images 
http://www-medl ib.med.uta h.eduAA/ebPath/CNSHTMU 
CNSIDX.html 

Neiircjpathulogv' images |jre]jared by du' Lhiiversitv ol Utah 
Me<lical Stlmol. 


Washington University Alzheimer’s Disease Research Center 
www.biostat.wustkedu/afzheimer/ 

Links to resources anti iniorniaiion atK)ut Al/heimer’s disease'. 


Parkinson’s Disease Web Ring 
WWW. pd ri n g, c om/ 


[.inks ttJ resources and iiifonnation about l^arkinstin’s Disea.se, 
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Schizophrenia, 

Affective 

Disorders, and 
Anxiety Disorders 


LEARNING OBJECTIVES 


1 . Describe the symptoms of schizophrenia and discuss evidence concerning its heritability, 

2. Discuss drugs that alleviate or produce the positive symptoms of schizophrenia and 
discuss research on the dopamine hypothesis of schizophrenia, 

3- Describe evidence that schizophrenia may result from abnormal brain development, 

4, Describe evidence linking both the positive and negative symptoms to decreased 
activity of the prefrontal cortex, 

5, Describe the two major affective disorders, their heritability, and their physiological 
treatments. 

6, Summarize the monoamine hypothesis of depression and review evidence for brain 
abnormalities in people with affective disorders, 

7- Explain the role of circadian rhythms in affective disorders: the effects of REM sleep 
deprivation and total sleep deprivation and the symptoms and treatment of seasonal 
affective disorder, 

8. Describe the symptoms and possible causes of panic disorder, 

9, Describe the symptoms and possible causes of obsessive-compulsive disorder. 














PROLOGUE 


Side Effects 


Larry had become a permanent resident 
of the state hospital His parents had 
originally hoped that treatment would 
help him enough that he could live in a 
halfway house with a small group of 
other young men, but his condition was 
so serious that he required constant su¬ 
pervision. Larry had severe schizophrenia* 
The medication he was taking helped, 
but he still exhibited severe psychotic 
symptoms* in addition, he had begun 
showing signs of a neurological disorder 
that seemed to be getting worse. 

Larry had always been a difficult child, 
shy and socially awkward. He had no real 
friends* During adolescence he became 
even more withdrawn and insisted that 
his parents and older sister keep out of 
his room. He stopped taking meals with 
the family* and he even bought a small 
refrigerator of his own for his room so 
that he could keep his own food, which 
he said he preferred to that "pesticide- 
contaminated" food his parents ate. His 
grades in school* which were never out¬ 
standing, got progressively worse, and 
when he was seventeen years old* he 
dropped out of high school. 

Larry's parents recognized that some¬ 
thing was seriously wrong with him. 
Their family physician suggested that he 
see a psychiatrist and gave them the 
name of a colleague that he respected* 
but Larry fiatly refused to go. Within a 
year after he quit high school, he be¬ 
came frankly psychotic* He heard voices 
talking to him, and sometimes his par¬ 
ents could hear him shouting for the 
voices to go away. He was convinced 
that his parents were trying to poison 
him* and he would eat only factory- 
sealed food that he had opened himself. 
Although he kept his body clean—some¬ 
times he would stand in the shower for 
an hour "purifying" himself—his room 


became frightfully messy. He insisted on 
keeping old cans and food packages be¬ 
cause* he said, he needed to compare 
them with items his parents brought 
from the store to be sure they were not 
counterfeit* 

One day* while Larry was in the 
shower purifying himself* his mother 
cleaned his room* She filled several 
large plastic garbage bags with the cans 
and packages and put them out for the 
trash collector. As she re-entered the 
house, she heard a howling noise from 
upstairs* Larry had emerged from the 
shower and discovered that his room 
had been cleaned. When he saw his 
mother coming up the stairs* he 
screamed at her* cursed her savagely, 
and rushed down the stairs toward her. 
He hit her so hard that she flew through 
the air* landing heavily on the floor be¬ 
low. He wheeled around* ran up the 
stairs, and went into his room, slamming 
the door behind him. 

An hour later, Larry's father discov¬ 
ered his wife unconscious at the foot of 
the Starrs. She soon recovered from the 
mild concussion she had sustained, but 
Larry's parents realized that it was time 
for him to be put in custody. Because he 
had attacked his mother* a judge or¬ 
dered that he be temporarily detained 
and, as a result of a psychiatric evalua¬ 
tion, had him committed to the state 
hospital. The diagnosis was "schizophre¬ 
nia* paranoid type." 

In the state hospital* Larry was given 
Thorazine (chlorpromazine), which 
helped considerably. For the first few 
weeks* he showed some symptoms com¬ 
monly seen in Parkinson's disease— 
tremors* rigidity, a shuffling gait, and 
lack of facial expression—but these 
symptoms cleared up spontaneously* as 
his physician had predicted* The voices 


still talked to him occasionally, but less 
often than before, and even then he 
could ignore them most of the time. His 
suspiciousness decreased, and he was 
willing to eat with the residents in the 
dining room. But he stifl obviously had 
paranoid delusions* and the psychiatric 
staff was unwilling to let him leave the 
hospital For one thing* he refused to 
take his medication voluntarily. Once* af¬ 
ter he had suffered a serious relapse, the 
staff discovered that he had only been 
pretending to swallow his pills and was 
later throwing them away. After that, 
they made sure that he swallowed them. 

After several years, Larry began de¬ 
veloping more serious neurological 
symptoms. He began pursing his lips and 
making puffing sounds, and later, he 
started grimacing, sticking his tongue 
out, and turning his head sharply to the 
left. The symptoms became so severe 
that they interfered with his ability to 
eat. His physician prescribed an addi¬ 
tional drug, which reduced the symp¬ 
toms considerably but did not eliminate 
them* As he explained to Larry's parents, 
"His neurological problems are caused 
by the medication that we are using to 
help with his psychiatric symptoms. 

These problems usually do not develop 
until a patient has taken the medication 
for many years, but Larry appears to he 
one of the unfortunate exceptions. If we 
take him off the medication, the neuro¬ 
logical symptoms will get even worse. 
We could reduce the symptoms by giv¬ 
ing him a higher dose of the medica¬ 
tion* but then the problem would come 
hack later* and It would be even worse. 
All we can do is try to treat the symp¬ 
toms with another drug* as we have 
been doing. We really need a medica¬ 
tion that helps treat schizophrenia with¬ 
out producing these tragic side effects." 


M ost of tlu‘ fllsnissiorj in this hook liii.s coiiccniratod on tlie physloloji^' of nor¬ 
mal, arlapiivc hohavion The Iasi two chapters .summarize research on the na¬ 
ture and physioloj^' ol'syndromes cliaracterized by maladaptive heliavior : 
mental disorders, aUenliotwleflch/liypeiactivity disorder, autism, slres.s disorders, 
and drujf aintse. T lie symptoms ol mental disorders include deneieni or inap[>n> 
[iriaie social heliavioi s; illoj^ical, intoherent, or obsessional thoughts; inajiproprtate 
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i"nic>iic)iial responses, ijicliKiitig depression, mania, or anxieiy; and delusions and 
hallncirunions. Research in recent years indicates that many of tliese symptoms are 
caused hv abnormalities in the braiji, both slructnral and biochemicab 


i 


Schizophrenia 


Table 15.1 


^ Positive and Negative Symptoms ^ 

of Schizophrenia 

Positive Symptom 

Negative Symptom 

Hallucinations 

Flattened emotional response 

Thought disorders 

Poverty of speech 

Delusions 

Lack of initiative and 

Persecution 

persistence 

Grandeur 

Control 

Anhedonia (inabiHly to 
experience pleasure) 

Social withdrawal 


Description 

Scln/of)lnenia is a serious menial disorder that alflicts approximately 1 percent of 
the world’s p<jpulatu>n. Its inoneUirv cost to society is cnoniKHis; in the United States 
this figure exceeds that of the cost of all cancers {Tliaker and C .ai pentei; 2001). De¬ 
scriptions oi’ symptoms in ancient writ tugs indicate that the disorder has been 
around for tlioiisands of years (|esle et al., 1085). The major sym]>toms of schizo¬ 
phrenia are universal, and clinicians have developed criteria for l eliahly diagnosing 
the disorder in peoj^le of a wide variety of ciilunes (Klanm and Andreasen, 19VK)). 
Sfhimphreuhi is probably the most misused psychological term in existence. The worrl 
literally means “split mind," but it does not imply a split or mitlliple [xa sonality. Peo¬ 
ple often sav that they Teel schizoplirenic" about an issue wlien lliey really mean that 
they have mixed I'eelings about it. A [>erson who someiimes wants to build a cabin In 
Alaska and live off llie land ami at othei^ times wants to take over the lamily insur¬ 
ance agency miglit be undecided, hut lie or she is tiot schizophrenic. The man who 
invented the term, Eugen Bleuler (191 1/1959), ititended it refer to a break with 
reality caused by disorganization of the various functions of the mind, such that 
thoughts and feelings no longer worked u>gether normally. 

Schizophrenia is characterized by two categories of symptoms: positive and neg¬ 
ative (("row; 1980; Andreasen, 1995), Positive symptoms make themselves known by 
tbeir presence. They include thought disorders, ball uci nations, a ml delusions. A 
thought disorder—tlisorgain/ed, irrational i Inn king—is probably the most impor¬ 
tant symptom of sclrizoplirenia. Schizophrenics have great difficnlty arranging their 
ibouglns logically and sorting out plausible conclusions fVorn absurd ones. In cou- 
versauon they jump from one topic to another as new associations come up. StntK*- 
limes, ihev utter meaningless words or choose words for rliyme ratlier titan Idr 
meaning. Delusions are beliefs that are tdniously cmitrary to fact. Delusions of/;cr- 
sfTitlitnt div false beliefs that others are plotliEigand conspiring against oneself Delu¬ 
sions oi If(InirdVi^ false beliefs in one’s power ami lEnportancc, such as a conviction 

that one has godlike powers or has special knowledge that 
no Etne else possesses. Delusions of mittrol are related to 
delusums of persecution; the person believes (for exam¬ 
ple) that he or she is being controlled by others through 
such means as radar or tiny ratlio receivers implanted in 
his or Iter brain. 

The third positive symptom ol' schizciphrenia is hal¬ 
lucinations, perceptions t>f stimuli that are not actiially 
present. The most common schizophrenic hallucitutlions 
are auditorv, hut ihev can also involve ativ of the other 

Z -r 

senses. 1’he ivpical sclrizoplnenic hallucination consists 
o( voices talking to tlie person. Sometimes, the voices or¬ 
der the person to tlo something; someiimes, they scold 
the person Idr his or Iter unworthitiess; sometimes, they 
just utter meaniugless phrases, OlfacUny hailucinatit>ns 
are also fairly common; oi ten diey romribute to llie delu¬ 
sion that others are trying to kill the perst>n w'ith poison 
gas. {See Table 75./.) 









Schizophrenia 



hi cuturasl to tho positive svmpioms, the negative symptoms of schi/ophretiia 
are known by the absence of normal hehavit^rs: ilattenecl emotional response, 
pox erty of speech, lack of initiative and persistence, inaljility lo experience pleasure, 
and social withdrawal. Negative symptoms are not specific to schizophrenia; rhevare 
seen in many neurological disorders that involve brain damage, especially to the 
frontal lobes. As we will see later in this cliapter, research suggests that these two sets 
oi symptoms are caused by tiiherent abnormalities in the brain: Positive svmpioms 
appear to involve excessive activity in some neural circuits that include do[)aniine as 
a nemx)l ran smitten and negative symptoms appear to he caused hv develojuneiilal 
or degenerative processes that impair the normal functions of some regions of the 
brain. Keceiu evidence suggests that these two sets of svmptoms may involve a com¬ 
mon set of underlying causes. (See Table /5-/.) 


Heritabllity 

One of the sirfmgest pieces of evidence that schizophrenia is a binlogical disorder is 
that it apfjears to he heritable* Both adoption studies (Ketv et ah, 19htS, 1994) and 
twin studies (Cioiiesman and Shiekis, 1982; Tsiiang, Gilbertson, and Faraoue, 1991) 
indicate that schizophrenia is a heritable trait. 

If schizophrenia were a sim[>le trait produced by a single gene, we would expect 
to see this disorder in at least 7") percent of the children of two .schizt>f>brenic par¬ 
ents if the gene were <iominam, li it were recessiv^e, ^^//children of two schizophrenic 
parents should hect)me schizophrenic. However, the actual incidence is less than 50 
percent, which means either that several genes are involved or ihat fiaving a **schiz- 
ophreniit gene” imparts a susfeptfhili/y to develop schiz.cjphrenia, the disease itself be¬ 
ing triggered by other factors* 

So far, researchers have not yet located a “schizophrenia gene,” ahliougli many 
candidates have been founti. A review by Sha.stry (2002) notes tfiat evidence for link¬ 
age to suscepiibility for schizophrenia has been reported for chromosomes 1, 2, 4, 
5, h, 7, 8, 9, 10, 11, IS, 15, 18, 22, and X* (That includes all but 5, 12, 14, !<>, 17, 19, 
20, 21, and Y —at least, so far. ) If .susceptibility to seliizophrenia is caused hv a small 
number of genes, geneticists will undoubtedly succeed in finding them some day* 
Once they are found, other researchers will try to determine what role these genes 
play* which should provide useful information about the causes of schizophrenia. 


Pharmacology of Schizophrenia: 
The Dopamine Hypothesis 


Phai'macological evidence suggests that the positive symptoms of schizophrenia are 
caused by a biochemical disorder* The explanation that has received the most at¬ 
tention from resear chers is the dopamine hypothesis, which suggests that schizoplire- 
nia is catised by overactiviiy of dopaminergic synapses, probably those in the 
rnesoiitnbic pathway, which projects from the ventral tegmental area to the nucleus 
accumbens and amygdala. 


Effects of Dopamine Agonists and Antagonists 

Almost fifty years ago, a French surgeon named Henri Laborii discovered that a 
drug used to prevent surgical shock seemed also to reduce anxiety (Snyder, 1974). 
*A Frcndi drug company developed a related compound called chlorpromazine, 
which seemed to he even mure effective. The discovery of the antipsychotic effects 
of chlor promazine profoundly altered the way in which physicians treated schizo¬ 
phrenic patients and made prolonged hospital stays unnecessary for many of them 
(the [jatienis, that is). 

Since the discovery of chlorpromazine, many other drugs have been developed 
that relieve the positive symptoms of schizophrenia. These drugs were found to 


schizophrenia A serious mental 
disorder characterized by disor¬ 
dered thoughts, delusions, 
hallucinations, and often bizarre 
behaviors. 

positive symptom A symptom 
of schizophrenia evident by its 
presence; delusions, hallucina¬ 
tion s, Of thought disorders. 

thought disorder Disorganized, 
irrational thinking. 

delusion A belief that is dearly in 
contradiaion to reality 

hallucination Perception of a 
nonexistent objea or event* 

negative symptom A symptom 
of schizophrenia characterized by 
the absence of behaviors that are 
normally present: social with¬ 
drawal, lack of affect* and re¬ 
duced motivation. 

chiorpromazine A dopamine re¬ 
ceptor blocker; a commonly pre- 
I scribed antischizophrenic drug. 
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Table 15.2 


Possible Causes of Increased Oapaminergic 
Transmission in the Brains 
of Schizophrenic Patients 


Increased dopamine release: 

More excitatory input to dopaminergic neurons 

Less inhibitor^' input to dopaminergic neurons 

Feu'er or defective autoreceptors on dopaminergic 
neurons 

Increased postsynapdc response to dopamine release: 

More postsynapdc dopamine receptors 

More response in postsynapdc neuron to acdv'iidon 
of dopamine receptors 

Prolonged acdrarion of postsynapdc recepioi's: 

Decreased re up take of dopamine by dopaminergic 
terminal button 


Itave une property in common: They block dopamine receptors (C^reese, Burt, and 
Snvde]\ 1976). Other drugs that inierl'ere vvitii dopamiiiei gic transmission, stich as 
reserpine (which prevents the storage of monoamines in synaptic vesicles) or 
a-inellivl /Hvrosine (widely blocks the synthesis of dopamine), either facilitate the 
antipsvehotic action ol' drugs such as chlorpromazine or lliernselves exert anti¬ 
psychotic ef fects (Tamminga ei ak, 198H). Thus, the positive symptoms of .schizo¬ 
phrenia are reduced bv a variety of th ugs witli one common eff ect: antagonism tif 
dopam i nergic t t ansmi ssion, 

Another category of drugs has the opposite cdfcci, namely, profhtflifm of the pos¬ 
itive svinpumis of schizophrenia. The drugs that can produce these symptoms have 
one known pharmacological el feet in common: They act as dopamine agonists, 
Tliese drugs include amplietaniitie, ct>caine, anti meiliylplienidaie (vvliich block the 
leupLake of tiopamiiie) ;md lT)()IV\ (which stimulates the synthesis of dt)pamine). 
The sym[Jtoms that these tlrugs produce can be alleviated with antipsycht>tic drugs, 
a test lit that furilier strengthens the argument that the antipsychotic drugs exert 
theii“ therapeutic effects by blocking dopamine receptors. 

How might we exf>iain the apparent link hetween overaciiviiy of df^paminergic 
svnapses and the ])osiiive svmpioms oi'schizu[)hrcnia? Most researclters believe that 
the inesolimbic pathway, wlilch begiivs in the ventral tegmental area and ends in the 
nucleus aceumbeiis aitd amygdala, is moi e likely lo he involved in the sym[>toms of 
schiztjphrcmia. As we saw‘ in (Chapter 12, the activity tifdopaminergic synapses in the 
nucleus accumhens appears Lo hv a vital link in the process o[ reinforcement. Sny¬ 
der (1974) notes that schizojihi enics often report leelings (jf elation and euj^horia 
at the beginning ol a schizophrenic episode, when their symptoms Hate up, Pre^ 
suinablv; this eU]>horia is caused hy hvperactivily of dopaminergic neurons invt>lved 
in reinldrcemeuL 

Tlie j^ositive .svmpunns t>(‘schizophrenia also include disordered thinking ancl 
unpleasant, often terriiying delusions. The disordered thinking may be caused by 
disorganized altentitmal [jnveesses; the indiscriminate activity of the dopaminergic 
svnapses in the nucleus accumhens makes it dillicult for the patients to follow an or¬ 
derly, rational thought sequence. Fibiger (1991) suggests that paranoid delusions 
may be caused bv increased activity of the dopaminergic input lo the amygdala. As 

saw^ in Hhapier 19, ibe central nucleus 4>f the amygdala is involved wiili condi¬ 
tioned emotional responses elicited bv aversive stimuli. The central nucleus receives 

a strong projection fa)m the mesolimbic dopamineigic 
system, so Fibiger’s suggestitm is certainly plausible. 


The Search for Abnormalities 
in Dopamine Transmission in 
the Brains of Schizophrenic Patients 

Is there anv evidence that dopaminergic aciivity in the 
brains of schizophrenic patients is intleed abnormal? Be¬ 
fore I discuss the search for abnormalities, let's consider 
the possibilities. (These possibilities are based on what you 
leal lied about the pharmactikigy of‘ neurons in ('chapter 
4,) Too much dopamine might be l eleased, neurons that 
receive dopaminergic input could be excessively sensitive 
to this input, or a slow^ reiipiake process in dopaminergic 
terminals could keep molecules of dopamine in tlie synap¬ 
tic clelf for an unusualIv long time, resulting in prolonged 
activation of llie postsvnapiic dopamine receptors. (See 
Table 15,2,) 

Let's look at some of the evidence. Studies have 
found evidence that dopamitiergic neurons in tlie brain 
of scliizophreihc patients may indeed release more 
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clojiamiiic (Laruellc tn aK, Breit-r ei al., 1997), Lanu'llt- and n>lleague's used a 
device similar u> a PK'r scanner u> esiinuue ilie release ol‘dopamine caused bvan iii’ 
uavenous injection t>( amphetamine. As we saw in (Chapter 4. amphetamine siimu- 
I ales the release (>rdo]>amine, apparently by causing ilie tlopauiiiie transpt>rters thai 
are [}resenL in the lerniinal Imlloiis In run backwaitl, [Jiunpiug do[>anune oui rather 
than retrieving ii aiier it lias been released, Of rnurse, this elteci inhibits the reup- 
Lake of dopamine as well, Laiaielle and his colleagues found that the am[}hetannne 
caused ihe release of more dopamine in the siriauiui of schi/.ophrenic patients. Thev 
also found that subjects with greater amounts of do[jatnine release show'ed greater 
increases in [>ositi\e svmptoms, (See Fif^tre /5,/,) 

Another possibility—that the brains of schizophrenic patients contain a greater 
mimber of dopamine receptors—received mucli atieiniott for several years, Hovv- 
evei, ahiioiigli some studies have found evidetiee for increased nlimbers of do[5a- 
mine rece[>tors, oiliers have not; and some researefiers suggest that the positive 
results may be caused by auiipsvcliotie medicaliou tliai tlie [>atients received, A 
review by Restler, \A'alken and \'ega (2d01) etmcludes that there might be moderaie 
increases in the numbers of l)t> recejjiois in tfie brains of scliizopln enics. 

Tlie older antijjsyeliolie drugs eeriainly act as recefitor antagonists, attd they 
have a strong effect in the neosn iatum. But the affinity for 1),> receptors cioes tim nec¬ 
essarily account for the ability of these drugs to relieve tlie syinjjioins of schizophre¬ 
nia, Clozapine, a more recently developed di iig* is a very effective aiitipsycliolic 
medication wliose site of’action is primarily in tfie nucleus aceiimbens {Kinon and 
Lieberman, 1996), Tins drug lias little effect on IX^ receptors (Pickar, 1995), a feature 
ibal has earned it tlie label of r/Zv/^/cr/^antischi/oplirenic medication. Clo/ajiine serves 
as a potent blocker of D j dopamine receptor; in fact, it lias ten times more alfiniiv for 


clozapine An atypical antipsy¬ 
chotic drug; blocks receptors in 
the nucleus accumbens. 


Figure 15.1 

Results of the study by Laruelle et al. (1996), (a) Relative amount of dopamine released in response 
to amphetamine, (b) Relationship between dopamine release and changes in positive symptoms of 
schizophrenic patients. 
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Figure 15.2 


Pseudocolor images of concentrations of D^-receptor binding in 
the human striatum, fa) Control subject, (b) Unmedicated 
schizophrenic patient, (c) Schizophrenic patient receiving 
antipsychotic medication. Cd = caudate nucleus. Ft - putamen, NA 
= nucleus accumbens. 
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receptors lluiii for recepiurs (Van I'ol et al., 1991). 
C jonserjuenily. reseat clicrs are beginning to turn lheii‘ at¬ 
tention to ilicse receptors. They are also beginning to ex¬ 
amine the possible role t>f another tlopannne receptor: 
llie 11^ receptor; which Is Ibnnd in esjK'cially liigli concen¬ 
trations in tlic human nucleus accumbens (Murray ct al., 
1994). 

Two studies have tbuiicl cvifleiice tor ino'cased 
amounts of and 1) j dopamine receptors in the brains 
of deceased scfii/ophrciiics. Murravet al. (1995) round a 
twofold increase in tlie concentration of receptors In 
tlie nncteus accumbens. tnirevicli et al. (1997) idnnd a 
twofold increase in rece[>tors iti both the neostriatum 
and the nucleus acenmbens of ,schi/ophrenic jDatienis. 
The [patients had been drug free for at least one momb 
before their deatlis* so the iiici eased concentration of 1).^ 
receptors is nnlikeiy to have been caused by medication. 
(See Figure 75.2.) 

Schizophrenia as a 
Neurological Disorder 


From Gurevich, E V,. Bordelon, Y,, Shapiro, R. M.. Arnold. S. E., Gur, R E., 
and Joyce, J. N. of Genera/ Psychiatry 1997, 5< 225-232. 


Figure 15.3 


Relative ventricular size in chronic schizophrenics and 
controls. 

20 i- 


St> fan I have been discussing the pliysiologt' of the piisi- 
livc symptoms of schizophrenia—principally; lialhicina¬ 
tions* delusions, aud lliought di.sorders, I'hese svmptcuns 
could very well be related to oneof ilie known i uuciions of dopaminergic neurons: 
reinforcemem. I^nt tlte negative sympu^tns iT sclii/.opln enia—flattened emotional 
response* poverty of speech* lack of initiative and persistence, inability to experience 
])leasm e* and social withdrawal—are very different. Whereas the positive svmptoms 
are unique to schi/ophrenia (and to ainplietamine or cocaine psycliosis), the nega¬ 
tive symptoms are similar to tliose produced by brain damage 
caused by several different means. Many pieces of evirleticc^ sug¬ 
gest that the negative sympLotns of schizophrenia are indeed a 
result of brain abnormalities. 
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From Weinberger, D. R.. and Wyatt, R, J,, in Sch/zop/iren/a as a 
Brain Disease, edited by F. A Henn and H. A. Nasrallah New York: 
Oxford University Press, 1982 Reprinted with permission 


Evidence for Brain Abnormalities 
in Schizophrenia 

Alt I rough schi/ophrenia has traditional ly been labeled a 
psychialrie discjrder, most patients with schizophrenia exliibil 
neurological symptoms tliat suggest the presence of brain dam¬ 
age—ill particnlai; poor control of eye movements and unusual 
facial expressions (Stevens, 19S2). In addition, many studies 
have found evidence of loss of brain tissue in CT aiui MRI scans 
of schizophrenic patients. In one of tlie earliest sindies* Wthiu 
berger and Wyalt (1982) obtained CT scans of eighiv chronic 
sclii/a>phreuics and sixtv-six normal controls of the same mean 
age (twenty-nine yeai s). Thev found ibai the relative size t>l the 
lateral veiUricles of the schizophrenic patients was rntn e than 
twice as great as that of the normal control subjects, (See fig¬ 
ure 75,J.) The most likely cause ol tlie enlarged vennicies is Itrss 
of brain tissue; thus, the CT scans provide evidence dial 
chronic .schizo[>lnenia is associateti with brain abnormalities. 
In fact, Hulshtjfl-Pol elal. (2(K)2) fouiKl that alihougli everyone 
loses some cerebral gray matter as they age, the rate oi' lissiie 
loss is gi eatet in schizophrenic patients. (See Figure 15A.) 
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Possible Causes of the Brain Abnormalities 


As w’c saw oai lici; schi/oplirciiia is a Ik^H table disease, but its lierilability is less 
than perfect. \A'hy do fewer than fiall the cliiklreti of parents with chronic schizo¬ 
phrenia become sclhz<>[>In eiiic'' Perhaps whai is inherited is a delect tluii renders 
people suscejiiifile to some environmenud factors that aflverselv alTect brain devel¬ 
opment or catise brain damage later in life. Let's look ai ibe evidence coneernittg 
environmental factors that increase the risk of schizophrenia. 


Epidemiological Studies. Epidemiology is the study t>f‘ the disiributurn and 
causes of diseases in populations. Tims, epidemioh^gical studies examine the relative 
rrec|nency of diseases in groups of [>et>ple in different enviionments and try to cor¬ 
relate the disease frequencies witli factors tfiat are jDresent in these environmenls. Ev¬ 
idence (rxini these sindies itidicaies that ihe incidence of schizophrenia is related to 
se\'eral environmental factors, incinding season oi hirili, \ iral epidemics, poptilaiion 
density, Rh incortipauhility, and maternal siress. Let's examine each ofdhese factors 
in lurm 

Manv studies have slnavn that [)eople horn during die late winter and early 
sjiHiig are more likely to develof) schi/tjjjhrenia—a phenomenon known as the sea¬ 
sonality effect. For example, Kerulell and Adams {1991) studied the montli of hirth 
of over l3,dfHLsclh/ophrenie [jalienls horn in Seotland between 1914 and 19fi(). They 
found that dis]:)roporlionatelv more patients were horn in Fehrnarv, March, April, 
and May, (See Fi^tre IS.5.) 

W'hai factors might be resj^onsihle for the seasonality effect?' One possihiliiv is 
that pregnant women may he more likelv to coniraet a viral illness during a critical 
phase tif their inlants’ develc>[iment. The brain development of their leuises may he 
adversely aDectefl either hv a ioxin prof I need bv the virus or bv the mother's amt- 
bodies against the virus. As Pallast et ak (1994) nt>te, ilie winter Ihi season eoineides 
ivith the second trimester of pregnancy fd fiahies horn in late winter and earlvsjjring. 
(As we shall sev later, evidence suggests that eriiieal aspects of brain flevt^lopnieni oc¬ 
cur during die secfiiid trimeslei.) fn fact, Kendell and .Adams (1991) found that the 


epidemiology The study of the 
distribution and causes of diseases 
in populations. 

seasonality effect The increased 
incidence of schizophrenia in peo¬ 
ple born during late winter and 
early spring. 


Figure 15.4 

Changes in volume of cerebral gray matter with age in normal 
subjects and people with schizophrenia. 



Adapted from Hulshoff-Pol. H. E . Schnack. H G.. Bertens. M. G B C., van 
Haren, N E. M., StaaJ, W G.. Baar^, W. F. C.. and Kahn. R. S. American 
Journai of Psychiatry, 2002. 159, 244-250. 


Figure 15.5 

The seasonality effect. The graph shows the number of 
schizophrenic births per 10,000 live births. 



Based on data from Kendell, R E., and Adams, W. British Journaf of 
Psychiatry, 1991, 1S8, 758-763. 
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Epidemiological studies have provided important information about 
the possible causes of schizophrenia. For example, the fact that schizo- 
phrenia is more prevalent in crowded urban areas with cold winter 
climates suggests that viral infections may play a role. 


Figure 15.6 


Average number of schizophrenic births in each of the ten 
months following an influenza epidemic in England and Wales 
between 1939 and 1960. 



Months after start of epidemic 


rflativc iiutiibcr of schizophrenic births in late win¬ 
ter and early spring was especially lii^li if tfie teni- 
perainrc was loW'Cr than normal diiri[ig the previous 
auUnini—a condinon (bai keeps people indoors 
and favors the transmission of viral illnesses. 

Several studies liave found dial the seasonal!iv 
eiTeci occurs primarilv in cities bni is rarely found in 
the countryside, lii fact, ihe likelihood of develo[j- 
in^ schizoplircnia is approximately liiree times 
hij^lier in people who live in the middle of large 
cities tlian in those W'ho live in rinal areas (l^aion, 
Mortenseii, and Frydenberg, 2()0()). Ik'canse viruses 
ai e more readily iransmiited in regions widi high 
pt)pulati(>n densities, ilils niiding is con.sisteni with 
die hypolliesis dial at least one of die causes oY tlie 
seasonaliiy effect is expfjsure <>f pregnant women to 
viral iifnesses during die second triniester. 

If the viraf hypoihesis is true, then an increased 
incidence of schi/ojihrenla should f>e seen in babies 
born a few months after an infhien/a epidemic, 
whatever ilie season. Several studies have ob.served 
just that. For example, Sliam et ak (1992) studied the medical histories id infants 
born to mol hers who were pregnant during several inflnen/u epidemics in Kngland 
and Wales heiween 19'^) and I9(>d. As Figure 15.6 shows, the nnmbei of schi/o- 
phrenic hirihs peaked five mondis after the start of the ef>idemic. wliicli means that 
the greatest snsceplif>iliiy appears to itccnr during tlie second tiimesler ol'pieg- 
nancy. (See figttre /5.6.) 

Rh inmm/uiRhUtty may be anc)ilier prenatal condi¬ 
tion that incj'eases the risk of scliizopln enia. Tlie red 
blood cells of an Rli-positive person contain a [>roiein-— 
tile Rh factor—wliile those of an Rh-negative person 
do not. li an RI l-iiegative woman is [iregnant witli an Rli- 
[X)S^ti^e fetus, her immune system will begin to [irodnce 
antibodies against tlie protein. If the vvoman carries 
anothei' Rli-posiiive fetus during a subsequent pregnancv, 
her Rli antibodies will aitacli die leius's rc'd filood cells, 
causing anemia. Hollister, l.aing, and Mediiick (1996) 
found that RI 1 incompalifiility increasc^d the likelihood of 
schi/oplirenia. Tfie first Rh-positive chifd born to an Rb- 
negative mother did not have an incrcxised risk tifscbi/o- 
phrenia, but suf>sec]uent Rh-[iositive cliildren did. 

I he final prenatal effcx t that I will meniitm may be in- 
depetideni of the ones I have described so far, or it mav 
also involve viral infections. Hniuineii and Niskanen 
(1978) reported a biglier incidence of scfiizopluenia in 
the cliildren horn to women who learned tlial their hus¬ 
bands had been killed in conibai during Wtjrld War II. Tlie 
stress ol this news may have had direct effects on dt*velo[i- 
ment ol' the W'timeids fetuses, or it may liavc* su[3pressed 
dieir immune systems, increasing the likelihood of their 
contracting a viral illness. As we will svv in ('liajiler 16, 
stress lias an inhibiiorv effect on tlie immune system. 


Adapted from Sham, P C., O'Caflaghan. E . Takei, N., Murray, G K., Hare, 
E. H., and Murray, R. M, British Journal of Psychiairy, 1992, iSO, 461^66, 
Reprinted with permission, 


Evidence for Abnormal Brain Development. Is tlierc 
any direct evidence dial abnormal prenatal development 
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is associaierl wlili srliizophrcnia? The answer is yes; stud¬ 
ies liave reporiecl evidence lor develo|jmenlal abiioi nial- 
ilies* Walker and her eolleajrues (Walker, Savoie, and 
Davis, 1994; Walker, Lewine, aiid Xeuinaiin, 199h) ol>- 
tallied lioine nuwies IVnin hnnilies wiili a schi/ophrenie 
child. They had independent observers examine the he- 
havitjr ofilie children. In coin]>arison witli their normal 
siblings die chiklren who subseqneiuly became sebi/.o- 
plnenic tlisplayed in<jre negative all eel in their iacial ex¬ 
pressions and were more likely io show al)nnnnal 
movements, (The ratings wei e done blind; the observers 
did nt>t know whicli children subsequently became selii/- 
opbrenie,) In addition, a study by (Cannon el ah (1997) 

Ibnnd that ehikiren who later became scln/ophrenic bad 
jworer social acljustmeiil and dit^more poorly in school. 

These stinhes suggest that the prenatal brain develop¬ 
ment of the ehildi eti who became schi/,oplirenic was not 
eutirelv normal. 

I* 

Minor physical anomalies, sucii as a higli-sleepled 
palate ov especially wide-set or narrow-set eyes, liave also 
been sliovvn u> be associated with the incidence ofscliiz- 
ophrenia (ScliilTnian et ah, 21)0t^), (See Table 15.3.) Tliese 
dilTciences were ihsi imported iit the late nineteenth cen- 
inrv Idv Kraepelin, one t>lThe pioneers in scbi/oplirenia 
researcli. As Schiliinan atid his colleagues note, these 
anomalies provide evidence ol I'aciors that have adverse 
ell eels on develiipmetiL They fbntul that people with 
sclii/ophrenic relatives nortnallv have an 11.9 percetU 

likelihood of developing schizoplirenia. This likeliliood increases to ^^fh8 percent in 
]H‘ople who also have minor plivsical anomalies; thus, the factors tliat produce mi¬ 
nor physical am>mahes are independent of the genetic factors associated witli 
sclii/oplnenia. 

Some mont>/.vgotic twins are discordant for scht/oplirenia: that is, one of tliem 
develops sclii/.ophreiiia, and the other does not. In the past mt>st tesearchers as¬ 
sumed that discoi claiiee lor sclti/oplirenia in mono/)'goiic twins tmisi !>e caused by 
dilTerential exposure to some environ men lal laetois alter lartli. Not only are iiiono/y- 
gotic twins geneiicallv identical, but thev also share the same intranierine etivit on- 
tiient. However, some investigators liave pointed out that the pi etiatal environinenl 
of monozygotic tyvins is j/eMdemicah In laci, there are uvo t\pcs ofinono/vgotie twins: 
monochorionic and dtehtnionie. The formation itf mont)ZA’gotic twins occurs when 
the blastocyst (die developing organism) splits in two—yvhen it clones itself. If twin¬ 
ning occurs before day 4, the two organisms develop independetiily, each Ibrtning 
its oyvn placenta. (That is, the tysins are {iirhonm/r. The rhojion is tlie outer laver td 
the hlastocvst, yvhich gives rise to the placenta.) If twinning occurs after day 4, the two 
organisms lxx:onie monorhononif, sharing a single placenta. (See Figure 15.7.) 

riie placenta iranspt>ris luitiietus to the developing organism from the inolheTs 
circulation and Li ansjioris yvasie jDrodnets to her, yvhieh she meial>olizes in her liver 
or excretes in her urine. It also constitines die barrier ihrougli yvhicli toxins or in- 
(eciious agents must pass if they are to affect fetal devehijiment. The prenatal envi- 
ronmeiUs til iiionochoi ionic twins, yviio share a single placenta, are obviously more 
similar than those of dichont)nir twins. Thus, yve might expect tliat the concordatice 
rales for schizoplirenia of fttoitorhorionir monozygotic twins should be liiglier than 
tliose oi tlirlwnonif mono/.vgodc tyvins. In fart, they are. Davis, Phelps, and Biaelia 
(1993) found that the concordance rate ior scliizopbrenia was 10.7 [lerceiit in tlie 
dichorionic tyvins and hO percent in tht* monochorionic tyvins. These results provide 


^ Examples of Minor Physical Abnormalities^ 

Associated with Schizophrenia 

Location 

Description 

Head 

Two or more hair whorb 

Head circninferencc oiusirie normal 
range 

Eves 

Skin fold at inner corner of eye 

Wide-set eves 

Ears 

l^w-seaied ears 

AsymmcUical ears 

Mt>nih 

High-.steepled palate 

Furrowed toiigne 

Hands 

Curved fifth finger 

Single transverse crease in palm 

Feet 

Tliird toe longer than second toe 

Partial webbing of two middle toes 


Iff': Atkipled ti ^mi St tiil hnaii. j., Kksn cHn, M., Dibrie, )., 
S< Inihiiij^er, K, Stireaseii, IL, atul Mednick. H, Amniaift 
uj 12, / 5 g 23K-t>4:k 
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Figure 15.7 

Monozygotic twins, (a) Monochorionic twins, sharing a single placenta, (b) Dkhorionic twins, each 
with its own placenta. 





Figure 15.8 

Age at first sign of psychotic symptoms in schizophrenic patients 



Age at onset (years) 


Adapted from Hafner H , Riecher-Rbssler A., an der Heiden W.. Maurer K., 
Fatkenheuer B,. and Loffler W. P^ychofogica! Medicine, 1993, 23, 
925-940. 


siruiijr cviclctR’c lor an inieracucni bt^twcoti htnx^ciiiy and c-nvlroiinKnit clnrin^ prv- 
nalal dcvt'lopment. 

AUliouj^h studies have found diat people wlio develop sch*/o[>]ii'enia show sonie 
abnormalities even dtirinj^ childhood, the symptoms of sc hizophrenia itself'rarely oc¬ 
cur before late adolescence oi’ earlv adullhood, (Tliev 
also rarely first occur lau‘r in life,) Figure 13.8 shows a 
graph of die ages (jf first signs of mental disorder In males 
and females diagnosed with schi/opliieina. (See Figure 
Even if most cases ol’schizoplirenia invt>lve abnor¬ 
malities in [irenaial brain development, .something else' 
[iiust ha[>jMMi laier in MJe to cause the onset of sebi/o- 
phrenic symptoms. 

In a review c>f the literature. Woods (1998) notes that 
MRI studies suggest tliat schizophrenia Is n(>t caused by a 
degenerative process, as are Parkinson's disease, Html- 
inglon's flisease, or Alzheimer's disease, in whicl i neurons 
coniinne to die over a period of years. Instead, a sudden, 
rapid loss of’ brain volume occurs during young adnh- 
hood, with linle evidence for continuing degeneration. 
Woods suggests ihai the disease process of schizophrenia 
begins prenatally and then lies dormant iiniil pnberiv, 
wlien .some unknown mechanism iriggers degeneration 
of’some [XjpulatifJii of neurons. The brain abnormalities 
that develop prenatally aecounl for the deilcits in social 
I^ehavior and poor academic performance seen in peo¬ 
ple who later become schizophrenic, i’lien, sometime af¬ 
ter puf>erly, when many devtdoj^mental changes occur in 
the brain, more serious degen era tif)n occurs, and the 
symptoms of’sclnzopbrenia begin to appear. 
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Figure 15.9 


Normal 

adolescents 


A study byTlioiupsun cl al. (2001} [dund dramatic t'v- 
idencc lor loss of cortical gray matter flining adolescence 
in patients with early-onsel schizoplireiiia. Ilie ijivesiiga- 
tors used MR! [procedures to measure tile vtpluine of die 
grav tnatter oi the cerebral cortex at two-year intervals in 
scln/o])hreiiic patients and control subjects. Atlolesceiice is 
a lime when some svnapiic "pi lining" tak.es place in the 
brain, and llie MR! scans sliowed an expected loss of corti¬ 
cal gray matter in nonschi/tpphrenic .subjects of about 
0.5-LO percent. However, the loss of tissue was a[pproxr 
matelv twice as large in scliii^oplirenic subjects, 'Die de¬ 
generation started in the parietal lol>es, and the wave tif 
destJticiitsn continued rostrally, including tfie temporal 
lobes, somatosensory and motor coitex, aiul tkirsolateral 
ptefnnital cortex. The symptoms shown bv the patients 
were associated with the cortical regions that were under¬ 
going tissue loss. Koi example, auditory hailueinatioiis t>c- 
cuned witli clianges in the temporal lobes, and their 
severilv was correlated with the ainouiit ofTissue that was 
lost. Figure 15,9 shows ihe regions of the brain that under¬ 
went the greatest amount of tissue loss. (See Figttrv 15.9,) 

The evidence 1 have cited so far suggests that the most 
important cause of schi/ophreuia is tlisturbanee ofimrmal 
prenatal brain development. Presumably, genetic [acU>rs 
make some fetuses more sensitive to events that can disr 
inrb development. There is good evidence that obstetric 
com plications can also cause schizophrenia. In I’act, sev¬ 
eral studies have (omul that il a schi/o]ihreuic [person does 
noi have relatives with a sclii/opltrenic tlisorder, that per¬ 
son is more likely to have had a histt)i v o[ complicaiions at or around ilie time of 
childbirth, and the [person is more likely to develof) the schi/opiirenic symptoms at 
an earlier age (Seliwarzkopf el al.. 1989: OX^allaghan et al,. 1992: CCannon. Jones, 
and Murray. 2002.) In otlier w<prds. if the sdhzofphreiiia is not a result t>f genetic fac¬ 
tors. then nongenctic factors sucli as obstetric et>m[jlitaLioiis are tlie most likely cause. 
Thus, brain damage that is tioi rrlfilrd to hrmidy niav also be a cause orschi/.ophren[a. 


Average annual rate of loss of cortical gray matter in normal and 
schizophrenic adolescents. 


Schizophrenic 

adolescents 


Average 

annual 

loss 



From Thompson, P. M., Vidal, C.. Giedd, J N., Gochman, P., Blumenthal, J.. 
Nicolson, R., Toga, A W, and Rapoport, J. L. Proceedings of the Nationet 
Academy of Sdence USA, 2001, 98, 11650-11655 Copyright 2001 
National Academy of Sciences* USA 


Relationship Between Positive and Negative Symptoms: 

Role of the Prefrontal Cortex 

As we saw, schi/oplirenia fias bnih ptisitive and negative sympttnns. I’lie [positive 
symptoms maybe caused by hvperactivitv of dopaminergic syna[)ses. and the negative 
symptoms mav he caused l>v brain abnormalities. Is there a i elatiousliip between the 
iw^j categories of schi/riphrenic symptoms? An accumiilating amount of evidence sug¬ 
gests that ilie causes o( positive and negative symptoms may indeed be lelated. 

Weinberger (1988) suggested tliat the negative symptoms cjf schi/o[^hrenia are 
caused primarily f)y hypo fro n tali ty, decreased activity t>( the (ronial lolx‘s—in par¬ 
ticular, of the dorsolateral prefrontal cortex. Many studies ha\'e shown that scliizn- 
phrenic [)atients do [>oorly on neuropsychological tests that are sensitive ir> 
prefrontal damage. In a review oi’tfie literature, Tayior (199(>) loiind tliat most func- 
lional imaging studies of the prefrontal cortex of schizophrenic patients found evi¬ 
dence for decrea.sed activity, pariicnlarly when die patients wt‘re being challengefl 
by tasks that require tlie use of the prefrontal coi tex. 

As we saw. dopamine agt>nists such as cocaine and aniplieiamine can cause pos¬ 
itive svmpttnns of schizophrenia. I wcj otlier drugs. IH'P (pheueyc Udine, also known 
as "angel dusd') and ketamine ("Special K"). can cause both [Kisitive and negative 


hypofrontality Decreased activity 
of the prefrontal cortex; believed 
to be responsible for the negative 
symptoms of schfzophrenia. 
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Figure 15.10 


Effects of efectrkal stimulation of the prefrontal cortex on 
the release of dopamine ?n the nucleus accurnbens (NAC), as 
measured by microdialysis. 



Time (S-min samples) 


Adapted from Jackson. W E,. Frost. A D., and Moghaddam. B 
Journal of Neurochemistry, 2001, 78, 920-923; 


svnipLoins of schi/.oplirciiia {Adler ft al„ 1999: Lahti el al., 2001; Avila et aL. 2002). 
Lltrotiic abujie t>f PC IP impairs a pcrsoiLs vvtu kiiijy iiieiiu>i y; causes deflcils in atlen- 
lion; decjeases drive; inter feres willi planiiijig; and causes tlion^hi disortlers, iiallu- 
cinations, and dednsions (javiti and Znkiiu 1991). Because PCP atid ketamine elici! 
l)()th pt>sidve and nef^ative syinf>tunis, inanv researchers believe that studvinj^ the 
f)liysiologieal and hehavimal eil’ects ofiliese drugs will help to solve the ]m/zle cA 
sell i/op In eiua. 

The negative symptoms caused by chnjtiic abuse of VCP are apparent Iv a result 
of decreased tnetabtdic activity oi the frontal l(*hes (flert/mann, Reba, and Roil- 
yarov, 1990; Wu, Buchsbaum, and Bunuey, 1991). [eulscli et al. (1997) found that 
chronic administration oi P(!P (twice a dav for two weeks) im[>aired tlie per id r- 
mance of monkeys on an object-retrieval task that is sensitive to jn efVontal damage. 
They also Idtmd that the atypical aniipsycliotic drug elo/apiuc, which reduces botli 
die positive and ucgaiKe symptoms (ji'schi/oplueuia, improved tile performance t>f‘ 
tlie treated monkevs on tliis task. 

What is the relationsfiip between liypoactivitv of the pieiVonial ciatex and tlie 
positive sympicmis ol sclu/<j[>Iirenia, wliicli appear to be produced bv hvperactivitv 
oi do]>aiiiinergie synapses in the nucleus accurnbens? Se\ei‘al investigators have sug¬ 
gested that the events are liuketi—tfiai decreased prefrontal activitv causes mcst>lim- 
bic flopamine iiyperactiviiv (Weinberger, i98S: Ciraee, 1991; Demch. 1992). Tlie 
primal y effects of PCJP appear to take place in the prefrontal cortex; (eniscii et al. 
(1998) found that infusing P(;P directly into the prefrontal cortex increased tlie 
level of dopamine utilization in tlie nucleus accurnbens. Neurons ofihe preiVontal 
cortex send axons to the ventral teginciital area, where they foi ni synapses with 
CiABA-secreling neurons that project to the nucleus accurnbens (Carr and Sesack, 
2000). Jackson, Frost, and Mogliaddam (2001) found that electrical siimulaiiou tif 
the ptefn>iilal cortex inhibited the release of dopamine in the nucleus acriiniVveiis, 
as measured by inicrodialysis. It makes sense, iben, that decreased activity of the pre¬ 
frontal cortex causes an increase in the release ol dopamine in the nticieiis accum- 
bens. (See Figure 15.10.) 

Tlie studies I have cited suggest that seluzophrenia may begin with brain al> 
jioimalities that cause liypofromaliiy—perhaps bv reducing the volume ofihe grav 
matter in the dorsolaiei al pi efronial cortex. Tlie In pofrontaliU' produces the nega¬ 
tive symptonrs of seluzophrenia. It almi causes an increase in 
the aciiviiy of tile dopaminergic iietirons In the mesoliinhic sys- 
lein, which produces [lositive syniptums. (See Figure I5Ji.) If 
this liypoiliesis is true, then we might expect to see structural 
or bioclieinical ahnonnalities in the prefrontal cortex of selliz- 
oplireuic [laiiems. Indeed, as we saw earlier, tlie volume of grav 
matter in several regions of the cerebral cortex of schizo¬ 
phrenic patients signiricaiilly declines during adolescence. 

The PLP model of schizophrenia has stimulated research 
that could lead to the development of niore (irugs that can be 
used U) treat this disorder. First, lefs look at tlie site ol action 
oi P(-P. PCP acts as an indirect {noncompetitive) aniagoiiisl 
[dr NMDA receptors. It binds witli a site on the NM1).\ recep¬ 
tor and preveins die ion channel f rom opening, even ii gluta¬ 
mate—die neunitran.smilter that liinds with ibis receptor—is 
present. (As we saw in Cdiapler 12, NMDA receptois are in¬ 
volved ill sviiapiic [plasticity. Whet her liiis sjiecial proper tv of' 
the NMI).\ receptor is relevant in ibis context is not known.) 

If disrupting the activity <jf NMl).\ receptois causes the 
.symptoms u( schizophrtaiia, then tve might expect drugs that 
act as NMDA agonists to reduce these symptoms. Unidrtu- 
naiely, direct NMDA agonists (such as NMDA iiseli) cannot be 
used, because lliey increase ibe risk of seizures and mighi even 
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cause brain abnornialiiies. Hut you might rcincinbcr fruiii 
(-liapter 4 liiai NMDA receptors have several other sites to 
which ligands can bind, besides lire ghilamaic site and the 
PC'.P site. Cdycine Iriiids to one of these sites, where it acts 
as an indirect agonist, Noniiallv. atlequate amounts of 
glycine are [present, bu! it is possible tliai increasing tite 
level ol glycine or administering a glvcine agonist might 
facilitate NMDA activitv and reduce schi/.ophrente svm|> 
toms. Several stiiflies have fotmd exactly ihai. (See Tsai 
and (’-oyle. 2002. for a review,) In a doubie-bltnd. ran- 
doini/ed clinical trial, (ioff ei al. (1999) ibimd that lmv- 
closerlne. a glycine agonist. impn>ved negative symptoms 
of schi/ophrenic patients. In another double-blind sukK; 
Heresco-Le\v et al. (1999) round tliai very large doses 
oral glyeiiie reduced patients' negative (but tiot [>ositive) 
syiUfjtoms. The large tioses were necessar\ hecatise onlv a 
small percentage of the glvcine ctxtssed the blood—brain 
bat rier. (See Figure 15.12.) 

Before 1 conchifle this section. I want to tneitiiou an 
interesting sidelight that might have scnite relevance to 
the causes t>[ sclii/ophrenia. As we saw, ketamine and PiW 
have similar effects. Ketamine is used as an anesthetic for 
children and animals. Et is not often itsed as an anesthetic 
ill acinil humans because it produces episodes oi‘ psy¬ 
chosis when the ]>erson awakens after the surgerv. Keta- 
iiiiiie does not have this effect in prepubertal children 
(Marshall and la^ngtiecker, 1999), (Von might recall that 
Tll(], the active ingredient of inanjuana. does not lia%e a 
psychotro]:>ic eilect in children either.) Nootie knows why 
ketamine (and probably VilV) [produces jjsycholie behav¬ 
ior only in adults; perha[>s die explaiialinu is related to 
the fact dial die sympicmis of sclii/oplircnia also emerge 
after puberty. Whatever developmentai changes orcur af¬ 
ter [>ul>erty tlial make the brain susee[jtible to die psy- 
cliolic ef fects of NMDA antagonists niav also be related to 
the emergence oi symptoms cjf sclii/opbrenia at this lime. 

f'arbei Cl al. (1995) found that large dosesofanoiher 
noncompetitive NMDA antagonist. produced 

brain abnormalities w'ben given to atiult rats but not to 
prepubertal rats. Between the age of puberty and full 
adiilibood, the animals' lirains became more and more 
sensitive to the effects of the drug. 1'hese Hndings sup¬ 
port the hypothesis that deveUjpmeiual changes that be¬ 
gin around the time of pnheriy may play a role in the 
developniem of schi/ophrenia. 


Figure 15.11 

A hypothetical explanation for the role of the ciorsolateral 
prefrontal cortex in positive and negative symptoms of 
schizophrenia. 


Dorsolateral 
prefrontal 
cortex 



Loss of neurons in the 
dorsolateral prefrontal cortex 
reduces its inhibitory effects 
on release of DA in the 
nucleus accembens—and 
also causes negative symptoms? 


Nucleus X 
accumbensi 



Positive symptoms 
of schizophrenia 


Increased release of dopamine 
in the nucleus accumbens 
produces positive symptoms 
of schizophrenia 


Figure 15.12 

Effects of large doses of oral glycine on the negative symptoms of 
schizophrenia. Individual curves represent individual patients. 



Adapted from Heresco-Levy U., Javitt, D. C., Ermilov, M , Mordel. C.. 
Silipo. G,, and Lichtenstem. M. Arcft/ves of General Psychiatry, 1999. 56, 
29-36 


INTERIM SUMMARY 


Schizophrenia 

Researchers have made considerable progress in the past few years in their study of the phys¬ 
iology of mental disorders, but many puzzles strll remain. Schizophrenia consists of positive 
and negative symptoms, the former involving the presence of unusual behavior and the 
latter involving the absence of normal behavior. Because schizophrenia is at least somewhat 
heritable, it appears to have a biological basis. 
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The dopamine hypothesis—inspired by the findings that dopamine antagonists alleviate 
the positive symptoms of schizophrenia and that dopamine agonists increase or even produce 
them—has received much attention from researchers. This hypothesis states that the positive 
symptoms of schizophrenia are caused by hyperactivity of dopaminergic synapses. Paranoid 
thoughts may be caused by dopaminergic activation of the central nucleus of the amygdala, 
a region involved in negative emotional responses. There is no evidence that an abnormally 
large amount of dopamine is released under resting conditions, but PET studies indicate that 
the administration of amphetamine causes a larger release of dopamine in the brains of schiz¬ 
ophrenics* Evidence that the brains of schizophrenic patients contain increased numbers of 
□2 dopamine receptors is mixed* Studies suggest that the nucleus accumbens in the brains of 
schizophrenic patients may contain increased numbers of or dopamine receptors* 

That some patients are not helped by "classic" antipsychotic drugs poses an unsolved 
problem for the dopamine hypothesis. Atypical antipsychotic drugs, including clozapine, 
risperidone, olanzapine, and amisuipnde, reduce both positive symptoms and negative ones, 
and they reduces the symptoms of some patients who are not helped by traditional an¬ 
tipsychotic medication. 

MRI scans and the presence of signs of neurological impairments indicate the presence 
of brain abnormalities in schizophrenic patients* Studies of the epidemiology of schizo¬ 
phrenia indicate that season of birth, viral epidemics during pregnancy, population density, 
Rh incompatibility, and prenatal stress all contribute to the occurrence of schizophrenia* In 
addition, home movies of children who later became schizophrenic indicate the early pres¬ 
ence of abnormalities in movements and facial expressions. All these factors provide evi¬ 
dence for problems with prenatal development* The higher concordance rate of 
monochorionic monozygotic twins provides further evidence that hereditary and prenatal 
environmental factors may interact* 

The symptoms of schizophrenia usually emerge soon after puberty, when the brain is 
undergoing Important maturationai changes* Some investigators believe that the disease 
process of schizophrenia begins prenatally, lies dormant until puberty, and then causes a pe¬ 
riod of neural degeneration that causes the symptoms to appear. Obstetric complications can 
also produce the symptoms of schizophrenia. 

The negative symptoms of schizophrenia appear to be a result of hypofrontality (de¬ 
creased activity of the dorsolateral prefrontal cortex). Schizophrenic patients do poorly on 
tasks that require activity of the prefrontal cortex, and functional Imaging studies indicate 
that the prefrontal cortex is hypoactive when the patients attempt to perform these tasks. 

The drugs PCP and ketamine mimics both the positive and negative symptoms of schiz¬ 
ophrenia* Long-term administration of PCP to monkeys disrupts their performance of an ob¬ 
ject-retrieval task that requires the prefrontal cortex. Evidence suggests that hypofrontality 
causes an increase in the activity of dopaminergic neurons in the mesolimbic system, thus 
producing the positive symptoms of schizophrenia* Connections between the prefrontal cor¬ 
tex and the ventral tegmental area appear to be responsible for this phenomenon. Clozap¬ 
ine reduces hypofrontality, increases the performance of monkeys on the object retrieval 
task, and decreases the release of dopamine in the ventral tegmental area—and decreases 
both the positive and negative symptoms of schizophrenia* 

PCP and ketamine act as indirect antagonists for NMDA receptors. Glycine and o-cy- 
closerine, which serve as NMDA receptor agonists, produce modest reductions in negative 
symptoms of schizophrenia, providing further support for the PCP model of this disorder* Ke¬ 
tamine causes psychotic reactions in adults but not children* Another indirect NMDA antag¬ 
onist causes brain abnormalities in adult, but not juvenile, rats* These disparities may be 
related to the apparent changes in the brain that are responsible for the emergence of the 
symptoms of schizophrenia after puberty. 

THOUGHT QUESTION 

Suppose that a young schizophrenic woman insists on living in the streets and refuses to 
take antipsychotic medication. She Is severely disturbed; she is undernourished and often 
takes intravenous drugs, which expose her to the risk of AIDS. Her parents have tried to 
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get her to seek help, but she believes that they are plotting against her. Suppose further 
that we can predict with 90 percent accuracy that she will die within a few years. She is 
not violent, and she has never talked about committing suicide, so we cannot prove that 
her behavior constitutes an immediate threat to herself or to others. Should her parents 
be able to force her to receive treatment, or does she have an absolute right to be left 
alone, even if she is mentally ill? 




Major Affective Disorders 


as a noini, rofeis to feelings or onioiioiis* just as iht^ primary sym]>tojti ol srlii/- 
ophrt'nia is (iist>rrl<:*red thoughts, iho major affective disorders (also called imtod dis- 
indns) are cliaracteri/fd by disftrdered Icelings. 


Description 


Fccliiij^s anti emotions arc essential jiarts of human exisicncci they represent our 
evaluation ol die events in our lives. In a very real sense, feelings and emotions are 
wluu human lil'e is all abtnii. The emotional slate of inosl tif us rellecis wliat is ha|> 
pening tti us: Our feelings are tied to events in the real world, and they are usually the 
lesult of reasoualile asse.ssments (jftfie imjKjriauce ihc^se events have lor our lives. Bin 
for some people, affect fiecomes divorced from reality. These pef>[}le have ieeliiigs of 
extreme elation (mauki) oi‘despair {fii'ffinvshri) that are not justilied hyevenisin their 
lives, Foi example, depression that accomjianies tfie lossol a loved one is normal, hut 
depression that becomes a way of life—and will not respond to die sympathetic effort 
ol IVientls and l elalives or even to [isycliodierajjV'—is [>aihological. 

There are two princi[>al ivpes of' major afleclive disorders. Tile first type is char- 
acieri/ed by alternating periods oj niania and dejiression^—^a condition called bipolar 
disorder f'liis disorder aiflicts men and women in appi’oxiiiiately equal nnmhcrs. 
Episodes of'mania can last a few davs or .several months, hut they ii.sually take a few 
weeks to run their course. I'he e[>i.sodes of'depression that fc>llow generally last three 
times as long as the mania. The second type is unipolar depression, cir depression vvitli- 
oni mania. This depression may he conliiinous and unremitting oi\ more typically; 


major affective disorder A seri¬ 
ous mood disorder; includes 
unipolar depression and bipolar 
disorder. 

bipolar disorder A serious mood 
disorder characterised by cyclical 
periods of mania and depression. 

unipolar depression A serious 
mood disorder that consists of un^ 
remitting depression or periods of 
depression that do not alternate 
with periods of mama. 



Normally, our feelings and emotions are tied to events that affect us. 
People with depression feel sad, unworthy, and guilty independent of 
events in their daily lives. 
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niity come m episutles. Unipolar dej^j ession strikes women two tu tliree tiities more 
ten titan men* Mania witln>nt periods of cle[>ression sometimes occtits, hut it is rare. 

Severely depressed [>eof>le usually feel extremtviv unwm dn' and have sironj^ Teel- 
in^s of ^iiilt* Tlie afTective distirders are tJanj^enjiis: a person who sulfers from a ma¬ 
jor affective disorder runs a coiisitlerahle risk of deatli by suicide* Aecurflin^ to Uhen 
and Dilsaver {11H)(>), 15*9 percent of people with unipolar depression and 29.2 per¬ 
cent of people witli bipolar disorder aitemjjl Uj commit suicide* Schneidei; Mttller* 
atid Pliilipp (2901) found that the rate of’death by nnnatural causes {mu all suicides 
are diaj^nosed as such) lor ])eople wilfi alTeelive disorders was 28*8 times Itigher than 
expected for people t>rthe same age in the general pt>pulation* Depressed people 
liave very little energ), and tliey move and talk slcmly, sometimes becoming alnn^st 
torpid. At other times they may pace an)und restlessly and aimlessiv. Tlicy inavcry a 
lot. The) are unable to experience pleasure; the) lose tlieir appetite for fnf>d and sex. 
d'lteir sleep is disturbed; they usually have dif’ficailty falling asleep and awaken earlv 
and find u difficult to gel to sleep agaiti. Lven tlieir hodv iuticiit>ns bectmie de¬ 
pressed; they often hectnue constipated* and secretion of saliva decreases. 

[A psychiatlist] asked me if I was snicidak and I rehiciamlv t(>ld him ves. I did not 
paniculaii/e—since there seemed no need to —did mu tell him tliat in tr uth manvof’ 
the artifacts of my house Itad become ]>oteiuial devices for my own destruction: the 
attic I afters (and an outside maple or two) a means to hang myself* the garage a fjlace 
to inliale cai lttrn monoxide* the baihmba vessel to receive the tlcnv fnmi iiiv opened 
ar teries. The kitdten knives in their dr invers had hm one pur pose for me* Death bv 
hear t attack seemed pariieularly inviting, absolving me as it would of active respon- 
sibiliiv, and 1 had toyed with the idea of self-indueed pneumonia—a long fiigid* 
shirt-sleeved hike thnaigh the rarny vvc>ods* Nor had I overlooked an (Wlensrhle acci¬ 
dent *, * by walking in front of a truck on the highway iiearhv. . . * 8itch IncletHrs fan¬ 
tasies* whic h cause well ]X'o|.ile to shnddei', arv rtr the deeply depi'essed mind what 
lascivious daydr eams are to per sons of robust sexualiiv. (St) i on* 1990* pp. 52-5*V) 

Kpisodes of mania are characteii/ed bva sense of euphoria lliai does not seem 
to be justifred by crr’cnmsiances. 'Fbe diagnosis of mania is partiv a matter of tlegree; 
one would riot call exuberarree and a zest h>r life pathological. I’eople with rnania 
usually exhibit nonstop speech and motor activity* They flit fi om topic to topic and 
olten have delusions* but they lack the severe disorgani/ation that is seerr in schi/.o- 
pln enia. 1’hey ai e usually full of’tlieir own uuportance and often become angry or 
def’ensi\ e if they are eorrtradreted. Frequemly* they g(^ for lotig per rods without sleep, 
working furiously on projects that are often unrealistic. (Sometimes, their w<rrk is 
frTiitftrl: ( ieoige Fridetic Handel wrote A/c.vsm//, one of the master pieces of chor al 
music, dur’ing one of his periods of mania.) 

HeritabiLity 

rite tendeney to tievelop an affective disorder ap]>eai s to f>e heritable. (See Moldrn, 
Reiclr, ami Riee* 1991* for a review,) Foi'exam|>le, Rosenthal (1971) found that close 
relatives of people who suffer from affective psyelioses are ten times more hkelv to 
develojD these disortlers thati are people withoiu afflicted relatives* Geishon et al. 
(i97(>) found that if One member of a set of monozygotic twins was afflicted witli an 
af fective disorder; the likelihood tliai the oilier twin was similarly af flicted was 09 pei- 
ceru* In contrast, lire concordance rate I’or dizygotic twins was only \3 pei ceiiL. Fm- 
llier riiore* the concordance rate for nionozygotic twins a]>]iears to be ilic same 
wbellier the twins were raised together oi- apart (Price, 1908). I he heritability of the 
aiTec ti\'e disorder s implies that iliey have a physiological basis. 


Physiological Treatments 

There ar e four ef fective biological treatments for nnipoUir depression: monoamine 
oxidase (MAO) inhibitors* drugs that inhibit ilie renpiake of norejiiiiephriiie rn‘ 
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scrotoniiit ck'cin>cc>nviilsivc ilicrapy (E<rr), and sleep deprivation. (Sleej:) depriva¬ 
tion is diseussed in a later section.) Bijiolar disordei can be effertively treated l^v 
lilhiinn anti some anticonvulsant di nars. Tlie tact tliai tiiese disorders res[>ond to 
medical treatment [iro\ides additional evidence that tliev have a physiological basis. 
Fnnhermore, the fact that Hthinm is very eiTective in treating hijjolar alfective dis- 
torders but not ttnipolar depression suggests that tirere is a [inniamental dil[erence 
between these two illnesse.s (Soares and (-erslioiu 1998). 

Before the I9o0s there ivas no effective clrng ireaimenl for depre.ssion. In the 
late 1949s clinicians noticed that some drugs used tor treating tuberculosis secmetl 
to elevate tfte patient*s mood. Researcliers subsequentIv fonnfi tliat a dei ivaiive of 
these tlrugs, ipronia/itl* lednced svmptoms of psychotic depression ((a ane, 1957). 
Ipronia/id inhibits the aciiviiv of MAO, wliicli desurtvs excess monoamitie iransmil- 
ter substances within terminal bnuoiis. I bus, die drug increases the release of' 
dopamine, norepinepfirine, and serotonin. (^tliei‘ MAO inliibiiors were soon dis¬ 
covered. Lhdoi lunately, MAO iiiinbiuns can have liarmfid side elTecis, so lliey nnisi 
he tised with can I ion. 

Ftn iunately. another class of anlidepressani drugs wa.s soon fli.scovered that did 
not produce liarmftil side effects: the tricyclic antidepressants. Tliese drugs were 
found to inhibit tlie reupiake of.54IT‘ and nore[>inephrine bv terminal btutons. Bv 
retarding renplake, the drugs keep the nenrouansinitter in contact widi the posl- 
synaptic rece]:)lors, thus prolonging the posisynaptic pcHeiUiais. Thus, both die MAO 
inhibitors and the tricyclic antidepressant drugs are monoaminergic agonists. 

Since die disctivery ol the tricyclic anddepre^ssants. other drugs iiave been dis¬ 
covered lliai have similar effects. The most important of these arc die specific sero* 
lonin reuptake inhibitors, whfise action is described by their name, Thev are widelv 
prescribed for their antidepressant properties and for ilieir ahilitv to reduce ibe 
svinpLtniis of tibsessive-compnlsive disorder and sfx’ial phobia. 

The third biological treatment for depression has an interesting bisiorv. Karlier 
in tins century, a physician named von Mednna noted tliat psychotic patients who 
were al.so subject to epileptic sei/.ures showed improvc'incnt immediatelv after each 
attack. He reasoned that tlie violent storm of iieinal activity in die brain dial consii- 
lutes an epileptic sei/m e st)niehow impi cned tlie patients’ menial condition. He de¬ 
veloped a way to f)rodnce sei/uies by administering a drug, bin the procedure was 
dangerous to the patient. In 1937 Ugo(Vrleiii, an Italian psycliiairist, developed a less 
dangerous mediod for producing seizures. He bad previously learned that the local 
slauglucrhonse applietl a jolt of elecuiciiy to animals’ heads to stun ilieni before 
killing iliem. The electricity appeared to produce a seizure that resembled an epilef>- 
tic attack, i le decifled to attempt to use electricity to induce a seizure more safelv. 

(kn leiti tried ilie procedure on dogs ami found that an eiectrical shock to the 
skull did piotlnce a seizure and that the animals recovered with no apparent ill ef¬ 
fects. He then used die piocednre on lunnans and found it to be safer than the 
chemical t real men t that had previously been nsecL As a result, electroconvulsive 
therapy (ECT) became a common treatment for mental illness. Before a person re¬ 
ceives K(rr, he t>r she is anesthetized ami is given a tlrug similar to curare, which par¬ 
alyzes the muscles, preventing injuries that might be produced liy a convulsion. (()i‘ 
course, ilie patient is attached to a respirator until tlie eflecis td this drug wear off.) 
Electrodes are placed on the patient's scalp (most often to the non-speecli-floniinani 
liemispliere, lo avoid damaging verlial memories), and a job of electricity triggers a 
seizure. Lfsually; a patient receives iliree i real me i us per week until in ax i nut m ini- 
jirovement is seen, whidi usually involves six to twelve trcainients. I’he effectiveness 
of E(rr lias been e.stablisbed by placebo studies, in ivliicii some patients are anev 
ilietiz.ed bin not given sln>cks (Weiner and Ki ysial, 1994). Aliliongli Ed'F was origi¬ 
nally used for a variety of disoiclers, including schizophrenia, we now know that its 
usefulness is limitetl to treatmem i>f tnania and depressitm, (See figure /5,/X) 

A depressed patient does not respond immediatelv to treatment with antide¬ 
pressant drugs: improvement in svmptoms is not usually seen l>elore two to llnee 


tricyclic antidepressant A class 
of drugs used to treat depression; 
inhibits the reuptake of norepi¬ 
nephrine and serotonin; narned 
for the molecular structure. 

specific serotonin reuptake in¬ 
hibitor A drug that inhibits the 
reuptake of serotonin without af¬ 
fecting the reuptake of other 
neurotransmitters. 

electroconvulsive therapy (ECT) 
A brief electrical shock, applied to 
the head, that results in an eteari- 
cal seizure; used therapeutically to 
alleviate severe depression. 
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Figure 15.13 

A patient being prepared for electroconvulsive therapy. 



Photo Researchers, Inc. 


lithium A chemical element; 
lithium carbonate is used to treat 
bipolar disorder 

carbamazepine A drug (trade 
name: Tegretol) that is used to 
treat seizures originating from a 
focus, generally in the medial 
temporal lobe. 


weeks of <iru^ UeaiiiiciU. In coiUrast. the effect.s of KCH' 
arc more rapid. A few sei/iires indiieed by KCH’ can oj’tcm 
snap a person oui ol a deep clepressitui witliin a few davs. 
Allhotigli jindonged and excessive nse of VX\T causes 

_ Ijiain damage, resulting in long-lasting iinpairmeiits in 

iiieinoi y (S(|iiire, 11)74). the jiidieious nse of KCT during 
ilie interim period before amidepressani drugs become 
effective has uiufoufjtedly sa%ed ilie lives of some suiciilal 

H 

paiierns (Baldessarini, 1977), A .study by Knde et al. 
(20fK)) found no evidence t>f hippocampal damage after 
a typical course of KCT, In addition, some severely de- 
pi essed people are m>t helped bv drug thei apy; for tliem 
occasional VX'T is the oulv eilective treatment. 

Amviher ptficedure may provide at least some of the 
benefits of tXT wilhoni introducing ilie risk of cognitive 
impairments or memorv loss. As we saw in Clfiapler 5. 
transeranial magnetic stimulation ( I MS) is accomplisliecl 
by applying a strong localized magtuuic field into tlic 
brain by passing an electrical current through a coil of 
wire ]3lacefl un the scalp. I’he magnetic Held induces a 
weak electi ical current in the bi ain. Several studies have 
found that I MS ap]:)lied to die prefrontal cortex reduces the symj^toms of clejn es- 
sion wllhoui producing any apparent negative side effects (Cieorge el aL, 199i>; Klein 
et ak, 1999; Szuba et al.. 2901). Purifier investigations will have to determine wlietlier 
this procedure [>roduees long-term beneficial effects. 

The iliera[>eulie effect of Hthuim, the drug used to treat bipolai affective disoi- 
deis, is very rapid. This drug, wbicli is administered in the form of lithium carbon¬ 
ate, is most effective in treating the manic ptiase t>f a liipular afieeiive disoiiler; once 
the mania is eliminated, depression usually does not follow (Cierbino, Olesliansky, 
and (iersfjon, 197S; Soares and (kaslion, 199S). Many clinicians and invesiigaiois 
have referred to lithium as [jsyefiiatry's wontier drug: It floes not suppress uot rnal 
feelings of emotif>ns, but it leaves patients able to feel and express joy and sadness 
in 1 espouse to events in ilieir lives. Similarly, ii does not impair intellectual processes; 
niaiiy patieuls liave received tlie drug coniinuouslv for vears without any apparent 
ill effects (Fieve, 1979). Between 79 and 80 percent of patients with bipolar disorder 
show a positive response to lithium within a week or two (fb ice and Heningei; 1994). 

Researcliers have iVmnd that lithinni has many physiological effects, but they 
have not yei discfwered the )jharmacolf)gical effects of lithium iliai are respniisibie 
for its afii lily tfj eiirninate mania (Piiiel atid Klein, 2901), Some suggest that the drug 
stabilizes the population of certain classes cd rieiirfUransmiuer receptors in the brain 
(espec ially serotonin receptors), thus preventing wide shifts in neural sensitivity. This 
effect may invi>lve interference with the prfKfnciitm of a class of second messengers, 
the If/io.sf/hohuKSfttdf (Alack, Brcniglilon, and Pollack, 1995; lojie et al., 1999; 
.Manji and l.enox, 1999), Others have shown lliai lilliium may increase the produc- 
tiot) of neitrf)j)rf)tcHnive proteins^—jjroteins that help to prevent cell death (Manji, 
Moore, and Ohetv, 2001). In fact. Moore et al. (2()()0) found that four wf'eks oi' 
litfiium treatment for bipolar disorder increast^d the volume of cerebral gray mailer 
in the patients' ftraiiis, a finding that suggests that lithium facilitates neural or glial 
growih. .As we will see later in tfiis cliajjier, many studies have found decreased cere¬ 
bral gray matter tn patients suf fering from de[3ression. 

Because some patients cannot tolerate the .side eOects of hiltium, and because 
of ilie fiolential danger ofoverdo.se, researchers liave been searching lor allei iiative 
medications for bipolar distnder. One medication tlial has shown consicknaf>le 
promi.se is carbamazepine (Tegretol), a drug used tfi treat seizure's that originate in 
ilie medial temporal lobes. Although carbamazepine is effective in treating the de- 
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pressed pfiase ol bipolar disorder, its effects on mania are 
inoie inipresstve (Post et al., 19X4), (See Figure /5.740 


Role of Monoamines 

Tile fact dmi depression can be treated effectively vvilli 
MAO inhibitors and druj^s that iniiiljil the renptake of 
serotonin and norepinepliriiie sii^^ested llie monuamjne 
hypothesis: Depression is caused by insnffk ieiu activity of 
tnonoaniinergic nennats. Because tlie synipioins ofde- 
pressioit do not respond to potent dopamine agonists 
siicli as ainphetainine or cocaine, most investigators 
have Ibciised tlieir researcli efforts on tlte other two 
monoamines: norepinephrine and serotonin. 

As we saw eai iier in tfiis chapter, tlte dopamine hy¬ 
pothesis of schi/oplirenia receives sitpptn t from the fact 
tliat do[>amine agonists can pnjclnee tfie symptoms of 
schi/ophrenia. Similarly, the monoamine hypothesis of 
depressitm receives support from the fact that depression 
can be catised by monoamine antagonists. Many hnn- 
drt^ds of years ago, an alkaloid extract fVotn Ranioolfta ser- 
Imititifi, a sin iih of Sotitlleast Asia, was found to he nsef til 
for treating snakebite, ciixulalory disorders, and insanity. 

Reser[}ine, formerly used to treat high blood pres¬ 
sure, lias a serious side effeel: It can eatise depiession. Re- 
ser];)ine interferes with the storage of monoamines in 
svnapiic vesicles, reducing the amount of neiirolransmit- 
ter released by the terminal buttons. Tints, a monoamitie 
antagonist pi oduces de]>ressicai, whereas monoamine ag¬ 
onists alleviate it. 


Figure 15.14 

The effects of Hthlum carbonate and carbamazepme on symptoms 
of mania in patients with bipolar disorder. 



Week of treatment 


Adapted from Feldman. R. S.. Meyer, J. S., and Quenzer, L F. Pnndpies of 
Neoropsychopharmazology Sunderland, MA; Sinauer Associates, 1997 
After Post et al,. 1984. 


Several studies have found that suicidal depression is related to decreased CISF 
levels of 5-HIAA (,n-lndroxyindoleacetic acid), a metabolite of serotonin that is pro¬ 
duced when serotonin is destroye<l bv MAC). A decreased level of ,o-HIA,A implies 
that less 5-HT (serotonin) is being produced and released iii the brain. Traskmanii 
et ah (1981) found that CSF levels of n-HIAA in jDeojile wh<i had aitem[>ted suicide 
were significantly lower than those in ronirols. In a follow-up study of depressed and 
poteniiallv suicidal patients, 29 percent of those with levels of 3-Hl.AA below the ine- 
tlian subsequently killed themselves, wliereas nt>ne of ilio.se with levels above the me^ 
dian committed sn icicle. More recent st tidies have coni inn ed these resnhs (Roy, De 
Jong, and I/mntiila, 1989). 

Sedvall et al. (1989) analyzed the (ISK of healtliy, nondepressed volunteers. The 
familie.s of su)>jects with unustially Icnv levels of were more likely to include 

people with depres.sion. Tlie results suggest that serotonin metabolism or release is 
genetically controlled and is linked to depression, Vatham et al, (2099) found a lower 
level of receptors in the neocortex of depressed patients. These findings 

clearly support the monoamine Inpothesis, 

Delgado el al, (1990) used a dif f erent approach to study of the role of serotonin 
in depression—the tryptophan depletion procedure* I'liey studied depressed pa¬ 
tients w'ho were receiving antidepressant medication and were currently feeling well. 
For one day ihev had the patients follow a low-trvpiophan diet (for example, salad, 
corn, cream cheese, and a gelatin dessert). Then the next day, tlie patients drank an 
amino acid VockiaiF' that contained no tryptophan. The uptake of amino acids 
ihrtnigii the blood-brain barrier is accomplished by amino acid transporters. Be¬ 
cause the patients' blood level of tryptophan was very low and that of the other 
amino acids was high, very little tryptophan found its way into the hiain, and the 


monoamine hypothesis A hy- 

pothesrs that depression is caused 
by a low level of activity of one or 
more monoaminergic synapses. 

5*HIAA A breakdown product 
of the neurotransmitter serotonin 
{5-HT). 

tryptophan depletion proce¬ 
dure A procedure involving a low- 
tryptophan diet and a 
tryptophan-free amino acid 
"cocktail'' that lowers brain tryp¬ 
tophan and consequently de¬ 
creases the synthesis of 5-HT. 
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level ()! lrvpL(>[jliiin in the brain fell rlrasticaily. As yon will recalb iryjMuphaii is the 
jjrecnrsoi of ;>ITT, or seroUJiiiin Tims, tht^ treatment lowered tlie level <jrseiT>ionin 
in the brain. 

Delgado and his colleagues (Vnijid that ihe ti ypir^phan depletion caused most oi' 
the patients to rela])se hack into depression, I hen when they began eating a noi inal 
diet again, tliey recovered. These results strongly suggest that the therapeutic elTect 
ofai least some amitiepressant drugs depends on the a^'ailahiliLv of serotonin in the 
brain. 

Tw'o PKT studies attempted lo determine tlie brain iegii>r\s involved in ihe re* 
lapse of depression caused hv ti ypiophan deplelicm (Bi emner el al., 1997; Siniih ei 
ah, 1999). The investigators measured patients* regional cerebral metabolic rate be¬ 
fore and alter the patients diank a placebo or the amino acid Vockiaih" Both stud* 
ies idiincl that patients whose depression retuined shtwved a decrease in braiJi 
metahtdism in the prefrontal c ortex. Paiients who did not relapse did not show these 
changes. These results are consistent with thi- general llnding (discussed iji Chapter 
10) that the piefrontal cortex is involved in emotions. 


Figure 15.15 


Composite fMRI image showing Increased metabolic rate in the 
amygdala and medial orbitofrontal cortex of patients with 
unipolar depression. 



Medial 

orbital 


2,25 


From Drevets, W. C,. Cijrrenr Opinion m Neurobiofogy, 2001, M, 
240-249 


Evidence for Brain Abnormalities 

Several studies have lonnd ahnoi inaiities in the brains of patients with aneeiive dis¬ 
orders. hor example, t.lkis et ah (199h) found evidence fora tlecreased amotmi ol 
tissue in the piefrotnal cortex ol young patients with unipolar depression, whicli 
stiggesis the presence of a develop ineiHal ahnoniiality or a degenerative ]>n>cess that 
occurs early in life, A structural MRI study liy Sirakowski ei ah (2002) found evi¬ 
dence that repealed ej^isodes of depression and mania caused an increase in the size 
of tlie lateral ventricles, whicli implies a loss of brain tissue. 

In a review ofTlie jelevant literature, Drevets (2001) suggests dial the amvgdala 
and several regions ol the prefrontal cortex [>lay special roles in die develo[>meiU of 
fiepre.ssion. As we saw in Chapter 10, the amvgdala is criiicaHv imolved in the expres¬ 
sion ol negative emotions. Functional imaging siinlies indicate an increase in hlot>d 
flow and metabolism orr>0”75 percent (l)ieveisei al., 1992; Links et ah, 1990), A studv 
hv Abercrombie ei al, (199S) ff>und that die activity ol die amvgdala of dejiressed pa¬ 
tients was correlated with the severity of their depression. 
In addition, the metabolic activity of the amvgdala in¬ 
creases in normal subjects when they look at pictures of 
faces w ith expressions ol sadness, and it also increases when 
cU'piessed subjects [emeiiihcr e[iisode.s in their lives that 
iiiafle them sad (Drevets, 20(K)b; Liotti et al,, 2002), 

Several areas of the prefrontal cortex are involved in 
modulating emotional behavior. Like the amygdala, the or- 
hilolrontal cortex isgenei aily more activated in depressed 
patients than in healthy siilejects (Drevets, 2fHK)a). Damage 
lo tlie orbitofrontal cortex disrupts the ability to abandon 
pre\ioiisly reinforced behaviors that are no longer rruilful 
(Bechara et ah, 1998), Drevets (2001) suggests that the ae- 
tivaiion of this tegion in depressed jiatients rnav relleci 
their attempt to suppress tin rein forced, unpleasant 
ihouglus and emotions. Figure 15.15 illtisiraLes the in- 
cjea.sed activity of the amvgdala and oi hitofrontal cortex 
iti depressed patients. (See figure / 5,75A 

Another region of the medial prefrontal cortex—the 
su/fgi'niia! ptrJionUd (orfex —sluiws a lowerlevv] of activation 
in tlejiressed patients (Drevets el al., 1997). If von look at 
a sagittal view' ol the coipus callosimi, you will notice that 
ilie front of this structure looks like a he-in knee— gfnti, in 
l.atin. I'he suhgenual [jrefrontal cortex is locaterl below 




4.50 
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Figure 15.16 

Metabolic rate of the subgenual prefrontal cortex in mania and depression, (a) Composite fMRI 
image showing decreased metabolic activity of this region in depressed patients, (b) Mean relative 
metabolic rate of the subgenua! prefrontal cortex in normal controls and depressed and manic 
patients. 



Frorn Drevets. W. C., Current Opinion m Neurobiology, 2001, T 240-249 


the "knee" at the IVoni oi tfie corpus callosum. Sturlies with iahoraioi y animals in- 
clicaLc tliat this region plays an inhihilory role in emotions and emotional memories. 
Figure 15.16 shows the decreased activity of the snhgenual jjrefrouial cortex in de¬ 
pressed patients. As tfie bar graph .shows, the activity of this jegion is itirmLSfd dur¬ 
ing a manic episo<le in paiienis with f>ipolar disorder (Drevelsei ai,, 1 Wf7). Thus, llie 
aclivUv ofTliis rc'gion decreases during times of negative mood and increased din¬ 
ing limes of positive mood. (See 15.16,) 

As we saw earlier in this chapier, evidence iiiclicates 
I fiat schizophrenia can he produced hy brain damage re¬ 
sulting from (ibsteuic complications. Kinney et al. (1993) 
found tliat palieIlls with bipolar disorder were more likely 
than llu'ir normal siblings to have a record of obstetric 
coiujilications. The. complications were mostly minor, so 
ilie authors suggest that they probablv served as a con- 
tribiiiing facUir to tlie development of the disortler rather 
ilian the sole cause. .A subsetjuem study with a larger sam¬ 
ple of subjects confirmed iliese results (Kinney et al., 1998). 


Figure 15,17 

Patterns of the stages of sleep of a normal subject and of a 
patient with major depression. Note the reduced sleep latency, 
reduced REM latency, reduction in slow-wave steep (stages 3 and 
4), and general fragmentation of sleep (arrows) in the depressed 
patient. 
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Role of Circadian Rhythms 

Otic of ihc lufjst prominent svni[5lonis oi flej^ression is 
disordcrcfl sleeji, Fhe sleep of people w'itfi depression 
teiuls to l)e shallow; slow-wave della sleefj (stages 3 and 4) 
is reducerd, and stage 1 is increased. Sleep is fragmented; 
people lend to waken frequently* especially toward the 
morning. In addition, RKM sleep occurs earlier, I lie fiist 
half (j 1 die niglit contains a liigher proportion of RE.\i pe¬ 
riods, and RKM sleep contains an increased number of 
rajiid eve movenients (Knpfer, 1976: VVigel et al., 

(See figure 15,17.) 


1 

2 

3 

4 


1 1 1 


Depressed Patient 

till 1 


1 1 


1 1 

2 

1 


"■r 

j 

■ 

i 1 

4 L 

1 

0 

1 

2 

3 

4 5 

Time (h) 

6 7 

8 


From Gillin, J. Ch. and Borb^ly, A. A Trends tn Neurosciences. 1985. 8, 
537-542. Reprinted with permission 
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REM Sleep Deprivation 

One nl llif most cffccdve aniiclcpi t-ssani ireaunents is sleep deprivauon. cillicr 
total or selective* Selective fleprivatiun of RKM sleep> acctmiplished by moniloi inj; 
peo]:)le's KE(.» and awakeninjr them wlieiievcr they slxm signs of REM sleep, allevi¬ 
ates depression (Vogel et ah, 1975; Vogel et ah, 1999). The therapentic effect, like 
that of the antidepressant medications, occurs slowly, over the course ofseveial 
weeks, Srnne patients show long-term imprxwemenl even alter the deprivation is dis¬ 
continued: thus, it is a practical as well as an effective treatment. In addition, re¬ 
gardless ol tlieir specinc pharmacological effects, other treatments fh>r depression 
su[)press REM sleep, delaying its onset and decreasing its duration, Tliese facts stig- 
gest that some common mechanism may affect haih REM sleep and mood. 

Sclierschlicht et ah (19H2) exaniined the elTecis oj twenty antidepressant drugs 
oit the sleep cycles oi’cats and found tliat all of ihetii pixjfdundly reducetl RKM sleef> 
aiicl most a\ Them increased slow-wave sleep. In an extensive review of the literature, 
\dgei et ah (h99f)) found that all drugs that supjDiessed REM sleep (and produced 
a rebound el feet wlien their administration was discontinued) acted as anridepies- 
sums. As a consequence, an increased amoiini of della sleejj occurs during the first 
pre-REM period. Kiipfer et ah (1994) found that the elfects of aniidepressani drugs 
on sleejj persisted ihrougb(>ui long-term ireatmeni. (They observed patients for as 
long as iliree years,) riiese r esults suggest that the pixmai y effect of successful anti¬ 
depressant treatment may he to suppress REM sleep, and ilie chatiges in mood may 
be a result of this suppression. 

Studies offaniilieswith a history oi inajor depression also suggesi a link between 
this disorder and alnionnalities in REM sleep. For exanijjle, Criles, Roflwarg, and 
Rush (1987) found that first-degree relatives of people wilh depression are likelv to 
show a sliort RKM sleep latency, even if tliey have not yet had an episofle of‘depres¬ 
sion. Chics et ah (1988) found that the members of iliese families who had the low¬ 
est RKM latency had the highest risk of subsequentIv becoming depressed. 
AI>normalities in RKM sleep are seen earh in life; Cajl)le et ah (1988) found lliai new¬ 
born inianisof mothers with a histcji y oi inajor fiepressif)n slunved patterns of RKM 
sleep that were different from those of the infants of mothers witliont such a historv. 


Figure 15.18 


Changes in the depression rating of a depressed patient 
produced by a single nighCs total sleep deprivation. 



Days t 


From Wu, J, C., and Bunney, W. E, American Journat af 
Psychiatry, VoJ. 147, pp. 14-21, 1990. Copyright 1990, the 
American Psychiatric Association, Reprinted by permission. 


Total Sleep Deprivation 

Total sleep deprivation also has an antidejjressani effect. L’nlike specific depri- 
vatitm ol REM sleep, which lakes sever al weeks to reduce depression, ttUal sleep de¬ 
privation produces iinniediaie effects (VVu and Bnnneyv 1999). 
Figure 15.18 slumps llie mtiod raring of a patient who stayed awake 
one niglu; as ycui can see, the depression was lifted by the sleep 
deprivation but returned llie nexi day, after a noi nial nighhs 
sleep. (See Figure 15J8.) 

Wn and Bnnney suggesi that during sleep a substance is pio- 
duced that has a dff/ir.ssogetf lrt:\ \t.x i. That is, the substance pnxluces 
depression in a susceptible person. Presumal^lv, tins substance is 
produced in the brain and acLs as a neuromodulator. During wak¬ 
ing, this substance is gradually nietaboli/ed and hence inactivated. 
Some of lire evidence for rhis livpolbests is presented in Figure 
15.19. The data are taken from eiglit dif’ftacnt studies (cited by Wu 
and Bttnuey; 1999) and show sell-ratings of dcpre.ssK>n of‘people 
who did and did not I’espond to sleep depiivation. (Total sleep de¬ 
privation improves the mood oj patients with major depression af> 
proxiniately twcHliirds of ilie lime.) (See figure /5,/9,) 

Why do only some peo[>le prolii from sleej) deprivation? In 
general, depressed patients wlujse mood remains stable will prol> 
ably not benefit from sleep depres.sk>n, whereas those whose mood 
fluciuates probably will. The patients who are most likelv to re- 


Recovery night sleep 
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Depressed 


A.M. RM. 


sptjiul ate \ hosc who feel dfpresst*d in Lite nioniiiig hut then j^racl- 
ually led IxnttT as tlie day pi’u^^resses (Riciiiattn, W'ie^^and, and 
Berj^en 1991; llauj;, 199^2; Witv-[usiice and Van den Ht>nfdakkei; 

1999). In these people sleep depi ivation appears lo prevent the de- 
presso^enie edtH ls ol sleep Iroin taking place atid siiii[>ly penults the 
trend to continue. If yon examine Figure 15. Hk yrni can see iliat the 
res[>onf let's were already reeling better by the end of the day. This im¬ 
provement continued through the sleepless night and during the 
Ibllowingday. The next night they were perniitied to .sleep normally 
and their depression was back the Idllowing morning. As U'li and 
Bunnev note, these data are consistent with tlic ln^>othesis that sleep 
produces a substance with a depressogenic efkeel. (See Figiirv /5./9.) 

Tlie antide[)ressant elTect ol’RFM sleep deprivation and tliai 
ol total slec[} de[)nvaiion ap[3ear to he diHerent; one is slow and 
longdasting, wliereas the f>tber is fast anti shortlived. In addition, 
total slee ]3 deprivation can even triggei' an e])isode t^rmania in pa¬ 
tients with bipolar disf>rder (Wehr, 1992). (Even nondepressed 
people trften ie[>f>rt i eel trig “liigh" after spending a night without 
sleep.) Fhe lact that a persoivs mood can be alteretl st) quickly sug^ 
gests tliat it wtailtl he worllnvhile to lt>t>k i'or physiological cltanges 
before and after sleep deprivation to try to identily those dial may 
plav a role in the contrtjl ofbnood. 

Although total sleep tlejn ivation is not a pi actical nu'iliod for 
treating depress!t>n (it is impossible to keep people awake tndermilcly), several stud¬ 
ies suggest that /wr/m/sleep depriwaiion cati hasten the benencial effects of antide¬ 
pressant drugs (S/uba. l^axien and f'airbaiiks, 1991: Eeibenluft and Welir, 1992). 
Some utvestigators have foutid that total sleep fleprivation (say, twice a 

week (or four weeks) can liave beneficial results (Ikipadlniitriou ei al., 1995). 

Riemann et al. (1999) found that advancing the time oi day that <iepressed pa¬ 
tients sleep can prolong tlie benciic tal effects of total sleejD de[>rivaiion. Fhey de¬ 
prived patients of .sleep for one night anti cojiiinued lo slufiy those who sltowed a 
good response to the deprivation. The next night, the experimenters hafl some of 
die [>atients go to bed six hours earliei than usual, while the oilicrs went u> bed lliree 
hours /^ 7 /crllian normal. (Vraduallv, over several days, the subjects’ hedliines were re¬ 
turned to normal. .Sevetuy-flve [>ercent of the early sleepers showed a continued re¬ 
mission ol their depression, comparerl with only 40 j^ercent oi tlie late sleepers. As 
Riemann, Berger, and Voderlnil/er (2001) note, only sleep in the morning seems to 
he able lo ]>roduce depression; duis, the best advice lo depressed patieius may be lo 
get oiU oj’hed earlv in the morning and go to bed early at night. 


Figure 15.19 


Mean mood rating of responding and nonresponding 
patients deprived of one night's steep as a function of 
the time of day. 


Night of sleep 
deprivation 


Recovery 
night sleep 



AM. PM. 

Hours 


AM. 


From WliJ. C . and Bunney W E American Jourr^atof 
Psychtatry, Vol. 147. pp. 14-Zl. 1990. Copyright 1990. the 
American Psychiatric Association Reprinted by permission 


Role of Zeitgebers 

Vet another phenoinent>n relates depression Lf> sleep and w^aking—r>r, more 
speciUcally, to the mechanisms dial are responsible for circadian rhythms. Some peo¬ 
ple become depressed during the winter season, when days are short and niglns are 
long (Rcjsemhal ei al., 19S4). 14ie .HvmiJloms of this form of depression, called sea¬ 
sonal affective disorder, are somewhat different from ilnvse t>f major depression; 
both forms include letharg)' and sleep disturbances, hut seasonal depression in- 
elndes a craving h>r carhohytlrale and an accompanying weight gain. (As you wall re¬ 
call, people vvith major depression tenrl to lose their appetite.) A mucli smaller 
percentage oi the population becomes depressctl during die summer (\Aehr, Sack, 
and Rosenthal, 1987). Beojjle witli summer depression are more likely to sleep less, 
lose their a[>[3eute, and lose weight (Wehr el al., 1991). 

Seasonal affeciive disorder, like unipolar depression and bipolar dist>rder, a[> 
) 3 ears to have a genetic basis. In a stnrly (T 6459 adult twins, Madden ei ah (1996) 
found that seasonal affective tiisorder ran in families, and ihev estimated that at least 


seasonal affective disorder A 
mood disorder characterized by 
depression, lethargy, sleep distur¬ 
bances. and craving for carbohy¬ 
drates during the winter season 
vyhen days are short. 

summer depression A mood dis¬ 
order characterized by depression, 
sleep disturbances, and loss of 
appetite. 
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Seasonal affective disorder, which is provoked by the long nights and 
short days of winter, can be treated by daily exposure to bright lights. 


of the variance lu seasonal niot>d disoixlcrs could he atiributcd lo j^cneiic 
(actur^s, Molecular genetic studies suggest tlial seasonal afTeedve disorder mav be 
linked to genes involved in production of the odlT iransjijo! ter and the re¬ 

ceptor (Sheret al*, 1999), 

Seasonal affective disorder can he treated hy phototherapy: exposing people to 
bright liglit for several hours a day (Rosenthal et ah, 198o; Stinson anxi Tlionipson, 
1999), As you will recalh circadiari rliythms of sleep and wakef ulness are controlled 
hy the activity of tlie suprachiasinaiic nucleus of the liypothalanins. Light serves as a 
ze//gr/;er; that is, it syuchroni/es the activity of the Ijiologiral clock to the dav-uighl 
cycle. One jDossihility is that [X't)ple vvitli seasonal affective disorder require a 
strongetHhan-normal zeitgeher to reset their biological clock. The evidence on this 
issue is mixed: Two studies found that light therapy liad an antidepressant effect no 
inatter wliat time of day it occurred (Wir/-|ustice et al,, 1998; Meesters et ah, !995), 
and two studies found that inoruing light exjjosui e was effective hut evening expo¬ 
sure was not (Lewy ei al,, 1998; Terman, Terman, and Ross, 1998), 11'the light servers 
as a /eitgeher, we would expect <liffcrem effects depending on the titiie oi tlav the 
phototlifi apy ncetined, so il is i!np<)rtaru io lesolve the conilicUtig evidence. 

Plioioiherapy appears to he a treatment without any adverse side effects besides 
a iiiglier electric hill. According to a stutly In VViiv-justice et ah (1999), even this side 
effect can he avoided. They Idund that a one-hottr walk outside each morning le- 
duced the symptoms of seasonal affeeiive disorder. The investigators note that even 
on an overcast winter day, the early morning sky prtn ides considerahiv more illumi¬ 
nation than normal indoor artillcial lighting, so a walk outside increases a person's 
exposure to light. The exercise prohahly doesiTt hurl, eiilier. 

In fact, exercise appears u> liave a beneficial effect on depression. Singh, 
(Tements, and Kiataix>iie (1997) enrolled depressed paileius (aged 99-84 years) in 
a super\ised weiglu-lraining progiam. The exercise pritgram inqjrovefl both their 
depression and their sleep. 


INTERIM SUMMARY 


phototherapy Treatment of sea¬ 
sonal affective disorder by daily 
exposure to bright light 


Major Affective Disorders 

The major affective disorders include bipolar affective disorder, with its cyclical episodes of 
mania and depression, and unipolar depression, Heritabiiity studies suggest that genetic anom¬ 
alies are at least partly responsible for these disorders. Unipolar depression can be successfully 
treated by for biological treatments: MAO inhibitors, drugs that block the reuptake of norep- 
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inephrine and serotonin, electroconvulsive therapy, and sleep deprivation. Bipolar disorder 
can be successfully treated by lithium salts. Lithium appears to stabilize neural transmission, es¬ 
pecially in serotonin-secreting neurons. It may do so by Interfering with the phosphoinositide 
system, which is responsible for the production of several categories of second messengers. It 
also appears to protect neurons from damage and perhaps facilitate their repair. 

The therapeutic effect of noradrenergic and serotonergic agonists and the depressant 
effect of reserpine, a monoaminergk antagonist, suggested the monoamine hypothesis of 
depression. Several other lines of evidence support this hypothesis. Low levels of 5-HIAA (a 
serotonin metabolite) in the cerebrospinal fluid correlate with attempts at suicide. It is pos¬ 
sible that these results are related to the effects of serotonin on (self-directed) aggression. 
Depletion of tryptophan (the precursor of 5-HT) in the brain reverses the therapeutic effects 
of antidepressant medication in depressed patients, which lends further support to the con¬ 
clusion that 5-HT plays a role in mood. Some evidence also suggests that drugs that block 
NK^ receptors, which normally respond to a peptide known as substance P, reduce the symp¬ 
toms of depression. 

Several studies have looked for abnormalities in the brains of depressed patients. In 
general, patients with unipolar depression show abnormalities in the prefrontal cortex, basal 
ganglia, and cerebellum, while patients with bipolar disorder show abnormalities in the 
cerebellum and (perhaps) temporal lobe. One hypothesis suggests that depression results 
from hyperactivity activity of the amygdala and orbitofrontal cortex and hypoactivity of the 
subgenual prefrontal cortex. 

Sleep disturbances are characteristic of affective disorders. In fact, total sleep depriva¬ 
tion rapidly (but temporarily) reduces depression in many people, and selective deprivation 
of REM sleep does so slowly (but more lastingly). In addition, almost all effective anti¬ 
depressant treatments suppress REM sleep. Finally, a specific form of depression, seasonal 
affective disorder, can be treated by exposure to bright light. Spending time outdoors— 
especially when exposure to natual lighting is accompanied by exercise—is an effective (and 
inexpensive) form of therapy for depression. Clearly, the mood disorders are somehow linked 
to biological rhythms, 

THOUGHT QUESTION 

A television commentator, talking in particular about the suicide of a young pop star and 
in general about unhappy youth, asked with exasperation, '^What would all these young 
people be doing if they had real problems like a Depression, World War II, or Vietnam?" 
People with severe depression often try to hide their pain because they fear others will 
scoff at them and say that they have nothing to feel unhappy about. If depression is 
caused by abnormal brain functioning, are these remarks justified? How would you feel 
if you were severely depressed and people close to you berated you for feeling so sad and 
told you to snap out of it and quit feeling sorry for yourself? 


Y Anxiety Disorders 


As vve .saw earlier, the aKbnivc disorders are characteri/ed hv unrealisiie exiremes o( 

■> 

emotion: depression or elation (mania). The anxiety disorders are eliaracteri/eci bv 
unrealistic, unibimded leai and anxiety. This section describes two ol'the aiixietvdis- 

# I 

oitiers iliai appear to liave l:)iolo^icaI eaitses: panic disorder and ohsesshe-cornjnil- 
sive disorder. The can.ses oi’other anxiety disorders, such as geiierali/ed anxiety 
disorder and p)io[>ic disorders, seem to be similar to iliose ol panic thsorder, so they 
will not be discussed separately here. 


Panic Disorder 

Description 

People with panic disorder sit 1 Ter IVom episodic attacks ol acute anxiety—[)enods 
of acute atid tmreniinitig terror that gri[> them for variable lengths of time, from a 


anxiety disorder A psychological 
disorder characterized by tension, 
overactfvity of the autonomic ner¬ 
vous system, expectation of an 
impending disaster, and continu¬ 
ous vigilance for danger, 

panic disorder A disorder charac¬ 
terized by epjsodic periods of 
symptoms such as shortness of 
breath, irregularities in heartbeat, 
a n d ot he r a ulo no m ic sym ptoms, 
accompanied by intense fear. 
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Figure 15.20 


Percentage of men and women who receive a diagnosis 
of panic disorder earlier and later in life. 


3.0 


2.5 


(U 

'D 

O 

XJ 

o 

‘c 

CO 

o. 


c 

0 

2 

CL 


1,5 


1 - 


0,5 - 


0 



Males 

Females 


15-25 


Age (years) 


Based on data from Eaton, W, W,, Kessler, R, C., Wittchen, H. U., 
and Magee, W. J American Journal of Psychiatry, 1994, 151, 
413-420 


[cw seconds lo a lew liotirs, Tlie disorder iisiiallv has its onset in 
yrjinig adiililujod. Women ajjpear to be abmii limes more 
likely ihan men to sidTer from panic disorder (Katon et aL. 1994. 
See Figure I$,20), 

The basic symjjloms o[’[}aiiic: attack appear tt> he univeisal, 

For example* these symptoms are similar in resideiiis oi the 

United States* Puerto Rico* Ckninany; L.el^ation, Korea, and Nevv 

Zealand (Weissman el al,, 1995). Panic attacks include manv 

* * 

physical syniploms* such as shortness of breads* clammy sweat* ir¬ 
regularities in heartbeat* rli/ziness* faintness* anti feehri^s of nn- 
reality. The victim of a panic attack oj’ten feels tliat he or she is 
^oing to die. A\nxiety is a normal reaction to manv stresses of life, 
and nf)ne of us is completely free ifom it. In fact* anxiety is un- 
df)iibtedly iisefitl in causing ns lo be mort' alert anri to take tm- 
portanl things serioiisly. Mowever, tlie anxietv that we all feel 
from time to lime i,s rjbvioiisly different inm the intense feat and 
lerror experienced by a person gripped by a jjaiiic attack. 

Between panic attacks many people with panic disorder sul- 
fer f rom anticipatory anxiety—the fear that another panic attack 
will strike them. 1 his ant ici pa lory anxiety often leads to the de^ 
vel opine 111 of a serit>us pholjie disoi'der: agoraphobia (ngom 
means “o]>en S[>ace”). According to the American INychiati ic As¬ 
soc i a li o i P s official Diagn ostif a nd S(nfi\tiad Ma uurd IV (I )SMd\ ') , 
agoi aphofjia assoriatecl widi panic attacks is a fear of "being in 
places or situatiotrs from which escape niiglit lie difficult (or em¬ 
barrassing) or in which help might mn hv available in the event 
of\ . . a Panic Attack” (Amenean l*sychiaLric Associaiioii* 1994, p. ^200). Agoraphobia 
can be severely disabling; some [>eo[>le with ibis disorder have stayed inside their 
houses or ajjartments for years* afraid to venture oulsitle. 


35-44 


anticipatory anxiety A fear of : 
having a panic attack; may lead to ' 
the development of agoraphobia. ! 

agoraphobia A fear of being j 
away from home or other pro- ! 
tected places. 


Possible Causes 

Because the physical symptoms of panic attacks are so overwhelming, manv |>a- 
tienis reject die suggestion that they have a mental di.sorder* insisiing that their pn4> 
lem Is medical. In fact, a considerable amount of I'vidence suggests that [>anic 
tiisorder may have biological origins. First, ihe disorder appears \o be heredUarv. In 
a reviewfjflbe literature* Heltcma, Neale* and Kendler (2(K)1) fuimd five family stud¬ 
ies and ihiee twmi studies that indicate a significant genetic factor in panic di.sorder. 

Several suiclies have shown a peculiar and pn:^/ling genetic association l>etween 
loose joints ( johtl hypermohdify syodrome, or "tlouble-joiniedness") and panic disorder. 
Martin-Samos el al. (199K) rej^orietl that Joint livpermoljiliiy syndrome wa.s seen in 
GS percent of patients with |>anic tiisorder bm only 12.5 pei cem of'control subjects, 
(iralacos et al. (2091) fotintl that both joint hypermol>iliiv syndrome and panic anti 
phobic disorders appear lo be associated with a du]>licaied region ol eliroiiu>sfmie 15, 

Anxiety distnders were previcHisly treated by a combination of beliavior iherajn' 
and a lien/odia/epine. As we saw in (4iapler 4* beti/odia/cffmes liave strong anxi¬ 
olytic U'aiixiety-tlissolving”) effects. The brain possesses lieii/odia/.epine reee[>tors* 
which are pan of the CiABA,^ receptor ctnnplex. When a beii/oflia/e])ine agtHu.si 
binds with its receptor, it increases tlie sensitivity of the (iABA-biiitling site anti ]>n>- 
duces an anxiolyiir effect. On the other hand* wlien a ben/odia/epine antagtHusi 
occupies the receptor site* it mlitm tfve sensitivity t)f tlie CiABA-binding site and in- 
crmAcv anxiety. Anxiety disorders* then* iiiigiii be caused bv a tliminished number of 
ben/.odia/epine receptors or bv the secretion ol a neun>modulalor that blocks die 
ben/.odia/epine-bindiiig site al the (VABA^ receptor. Ntilt et al. (1990) [ouihI that ad¬ 
ministration of’fhmiLizcnil, a ben/.odiazepine antagonist (having an action ojiposiie 
that of the benzodiazepine tranf|uilizers), produced panic in patients with [>aiiic 
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Figure 15.21 


disorflcr but not in contnil subjects, [ii atlclilion, ii fiinc- 
lioual study by Mali/ia vl al. (1998) (bund evi¬ 

dence Ibr a reduction in CiAKA^ receptors in tlic brains 
of patiettis wid) panic disorder. 

As we saw earlier, serotonin appears lt> plav a role in 
flepression. Much evidence snjr^ests dial serott>nin may 
plav a role in anxiety disoideis 1 (kj. Even thotigb the 
sym[>ioms oi’panic disorder and <jbsessive<onipulsive dis¬ 
order (described in tlie next section) are very diflereni. 
sjjecailc serotonin renjitake inliibitors, which serve as po¬ 
tent serotonin agoiiists liave become the fust-line iiied- 
iealions for ireadr^g both of these disorders (American 
Psvciiiatnc Association, 1998; Asiiis ei ah, 2001). Figure 
10.21 shows tile eifect of jlnvoxaniine, a serotonin reu[i^ 
take inliihitor, on the number of panic attacks in patients 
with panic disorder. (See Figi^re /5.2/.) 

Functional imaging stiulies suggest tliat the cingulate, 
jjrelrontah and anterior temporal cortices are involved in 
panic attack. Ft>r example, Johansoti et ai. (1998) mea¬ 
sured regional cerebral blood How in Winnen with severe 
spider phobias. He showed llie women videos o(‘spiders, 

wliieli provoked panic attacks in hall oiblie subjects. 'I'liose who panicked sliowed a 
decrease in tlie frontal cortex. Those who did not panic slitmefl an irirrmse in the 
frontal cortex. Jolianson and his colleagues suggest that the itu reased frontal activ¬ 
ity in those who managed to sttppress their panic rellecied brain mccliatiisms in¬ 
volved ill control of'fear. (All the subjects reported intense lear when they viewed the 
spider videiis.) 


Effects of fluvoxamine (a specific serotonin reuptake inhibitor) on 
the severity of panic disorder. 



Adapted from Asnis, G. M., HameedL F. A.. Goddard. A. W., Potkin, S G.. 
Black. D., Jameef M., Desagani, K„ and Woods, S. W Psychiatry Research, 
2001. WB, 1-14. 


Obsessive-Compulsive Disorder 

Description 

As the name ini plies, people with an obsessive-compulsive disorder (OCD) sul- 
fer from obsessions—though is that will not leave iliem—^and compulsions—behav¬ 
iors that thev cannot keef) Irom performing. Olisessinns are seen in a varictv of 
mental disorders, including .schi/ophrenla. However, unlike sclii/ophrcnics, people 
with obsessive-compulsive disorder recognize that their thoughts and behaviors are 
senseless and desperately wish that lliey would go aw^ay. ('onipulsioiis often become 
more and more demanding umil they interfere willi people's eai eei s and daily lives. 

The incidence of obscssive-c’ompulshe disorder is 1-2 percent. Females are 
slightly more likely than males to liavc this diagnosis. Like panic di.sordcr, OC.D most 
commonly begins in young aduUhoocl (Robbins et al., 1984). Cross-rultnral studies 
llnd iliat the .symptoms oft his disordei'are similar in various lacial and ethnic groups 
(Akiilar el al., 197,^; KJianiia ami C^iaiuiabasavaiina, 1987; Hiiijo el ah, 1989). Petv 
jile with this disorder ai e unlikely to marry* perhajxs because of the comniun obses¬ 
sional fear of dirt and eontamination or because of the shame associated with the 
rituals iliev arc compelled to [jerform, wliieh causes them to avoid social contacts 
(Turuei, Beidel, and Nathan, 1985). 

Most compulsions fall into one of four categories: cAcr/fb/g, defining. 

and avoifianre. For exam[>ie, people might repeatedly clieck burners on the stove to 
see that thev are off and w indows and locks tc> be sure that thev are locketl. Davison 

j / 

anti Neale (1974) rcptjrtetl the case of a woman who washed bei' liands more than 
five hiinth ed times a day because she feared being conlaminaied by germs. The 
liand washing peisisled even when her hands became covered with painful sores. 
Other petiple meticiilously clean their apartment or endlessly wasli, dry; and fold 
their clothes. Some become afraid to leave home because thev icar contamination, 


obsessive-compuJsive disorder 
(OCD) A mental disorder char¬ 
acterized by obsessions and 
compulsions. 

r 

obsession An unwanted thought 
or idea with which a person is 
preoccupied. 

compulsion The feeling that one 
is obliged to perform a behavior, 

I even if one prefers not to do so. 
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and they l efuse to toucli otlier niemfjers of their iamilv. If’ihev do accidenlallv be- 
come Yotnaiiiinaieci/' they usually have lenj^tliy purificatioti rituals, (See Table 15A.) 

Some invesiigaiors believe lliai the ronipuisive beliaviors seen in (>C"D are forms 
of speeies-typlcal behaviors—for exam pie > grotnnin^, cleaning, ancl a lie lU ion ic^ 
sources of poieiuial flanger—that are released from normal control meclianisms by 
a biain flysf\mciioii (Wise and Rapopenu U)88). Fiske and Haslam (1997) suggest 
that the heha\ iors seen in obsessive-eonipulsive disorder are simply pathological ex¬ 
amples of a natural hehavic>ral tendency to tlevelop and practice social rituals. For 
example, jjeoj^le perform cultural rituals to mark transitions or changes in social sta¬ 
tus, to diagntise <n' treat ilhiesses, to resiote lelationships with deities, or to ensure 
die success t>i'hunting or planting. These rituals define the status oidtuiividtials and 
tlieir relatioiiships with other memht^rs tjf the socielv, and they ]jro\ide comibri iu 


Table 15.4 


^ Reported Obsessions and Compulsions 

of Child and Adolescent Patients 

- 1 

Major Presenting Symptoms 

Percent Reporting 
Symptom at Initial 

Interview 


OBSESSION 


Concern or disgust with bixlily wastes or secrclions (urine, 45 

stool, saliva), dirt, germs, environmental toxins, etc. 

Fear something terrible might happen (fire, deaih/iilness of 24 

loved one, sell, or others) 

(Concern or need for symmetry, order, or exactness 17 

Scrnpulosiiy (excessive pmying or religions concerns out of 13 

keeping with patient's background) 

Lucky/unlucky numbers 18 

Forbidden or pervei’se sexual thonghLs. images, or impulses 14 

Intrusive nonsense sounds, words, or music 11 

COMPULSION 

Excessive or ritualised It and washing, showering, bathing, 85 

tooihhrushing, or grooming 

Repeating rituals (going iu/oiii of door, up/down from 51 

chair, etc,) 

(Checking doors, locks, stove, appliances, car brakes, etc. 46 

(Ueaning and otlier rituals to remove contact w'ith 23 

contaminants 

Touching 20 

Ordering/arranging 17 

Measures to prevent harm to self or others (e.g., hanging 16 

clotlies a certain way) 

Counting 18 

[ loardiiig/collecting 11 

Miscellaneous rituals (e.g,, licking, spitting, special dress 26 

pattern) 


Souffr: I’rtjm Rap(j[>cjrl, [. Jonmrii ttf thf‘ Anonf/w AMmiLS^xof initoo, 1988, 260^ 2H8H-2H90. 
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kitowiii^ tliai llie su uciurt' of tlie society approves ihc iransition or cirange In status 
or is doing all if can to avert iiiisforiune. (’oiisitler ilie ffillowing scenario ((rorn Fiske 
and 1 laslam, 

Imagine tluu you are traveling in an nnlarniliar conntrv. (k>ing out fora walk, vou 
observe a man dressed in red. sianding tm a red mat in a red-]^ainted gatewav,. . . 
He liners die same fjrayei six times. He firings cnit six basins ofWaier and niciicn- 
lonsly ari anges tliem in a symmetric al contiguraiion in frotn of die gateway, riien 
he washes bis hands six times in each of the six basins, using precisely the same mo¬ 
tions each time. As lie docs tfiis. he re]>eats the same [ifirase, occ asionalfy lajvping fiis 
riglil finger on liiseai lolie, Tliroiigfi your intei fireter. yon ask tiini wliai lie is doing. 
He replies tlial lliere are fiangcrous |.>olkning substances in die ground, , .. [and 
that] he must pnrilv himself or sometlnng Lei rihle will ha[j]>c‘m He seems eager to 
tell yon about bis concerns. (]i. 211) 

Wliy is ilie man acting tins ivay? Is Ire a priest following a sacred ritual ot does 
lie have ofjsessive-c’ompulsive disorder? Without knowing more aboin die spiritual 
j ituals Ibhoued />y the man's etilture. we cannot say. Fiske and Hasfani compared lire 
feattnes of ()(]I> and other psychological disordc^rs in descriptions oi rituals* work, 
or otfter aettvides in (lltv-two ciiltures, Thew found that the feattnes of OCID (for ex¬ 
ample. observing Iticky or unhickv nnndxn s or colors with sjjeeial signitieance. re- 
[dealing activities, orderitig or anaiiging things in specific eonfiginaiions. or paving 
special attention to thresholds or entrances) were found in riuialsin these enitures. 
The features of odier jisyehologieal disorders were much less common. On the 
whole, die evidence suggests that tlie svmpioms of obsessive-corn[julsive disorder 
represent an exaggeration of iiaitiral human tendencies. 


Possible Causes 


Kvidence is beginning to acetimiilate suggesting that oljsessive-eompulsive dis¬ 
order migfit have a genetic origin. So far. no properly controlled twin studies fiave 
studied people with a diagnosis ofOCU). btit several studies have found a greater con¬ 
cordance lor of>sessions and compidsiims in moiio/ygotic twins than in di/vgotic 
twins (Hettema. Neale, and Rendler, 2IK)1). 

Family studies have found that (Kd) is ass()ciated with a neurological disorder 
that appears during childhood {Pauls and l.eckman. I98d: Pauls el ak. 19S(i). This 
disorder, Tourette*s syndrome, is characterised hv mtisculai' and vocal tics: facial 
grimaces, .squatting, pacing, twirliiig. barking, snining. cougliing, grunting, or rC’ 
pcating spt'ciilc worcis (especially vulgarities), Ireaimenl for Tonreite's svndrome in¬ 
cludes aiitischizoplireiiie medications that block dopamine IX^ receptors, sucit as 
haloperidol or pimo/ide; risperidone (an atvpical antipsychotic medication); tjr 
clonidiiie, an a.> adrenorecepior agonist (Swerdlow. 2(K)l). 

As will! sc hizophrenia, not all cases of CXIH have a genetic origin: the disorder 
sometimes occurs after brain damage caused bv various means, such as birth ti auiua, 
eiieephaltiis. and head trauma (Bca Uhiu’et al,. I99f): Hollander ei al., 199(1), In par¬ 
ticular, the synijnoms appear to be associated with damage to or dysfunction of the 
iKisal ganglia, cinguiale gvrus. and prefrontal ct>ricx (Caedd ei ak. 1995; Robinsmi 
ei ak. 1995). 

lie discjrders (including ()(d>) can be catrsed by a group A |3-hemolviic stre|>- 
tococcal infeeiion. Ibis in lection can trigger several autoimmune diseases, in which 
the patient's iiumune system attacks and damages cenain tissues of the l>odv. in¬ 
cluding the valves of the heart, the kidnevs. aud^—-in tliis case'—parts of the brain. 
Figure 15.22 shows the parallel course of a young girIN .symptoms and the level of 
aiuistreptococeal DN.A-B in her blood, indicating the presence ol an active iiifc'Ction 
(Perlmutter el ak. 1998). (See Fi^ire /5.22.) The svmptoms of <)(d> appear to be pro¬ 
duced by damage to the basal ganglia. Bodnei; Morslied, and Peterson (2091) report 
the ease of a 25-vear-old man whose untteaied sore throat (he lived in a relii 


Tourette's syndrome A neuro¬ 
log icat disorder characterized by 
tics and involuntary vocalizations 
and sometimes by compulsive ut¬ 
tering of obscenities and repeti¬ 
tion of the utterances of others. 
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Figure 1S.22 

The parallel course of a young girl's symptoms and the level of 
antlstreptococcal DNA-B in her blood, which indicates the 
presence of an active infection. This relation provides evidence 
that a group A p-hemolytic streptococcal infection can produce 
tics and the symptoms of OCD, presumably by affecting the basal 
ganglia. 
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Adapted from Perl mutter. S. J., Garvey, M, A„ Castellanos, X., Mittleman, 
B B., Giedd. J., Rapoport, J L., and Swedo, S, E. Amencsn Journ^t of 
Psychfarry, 1998 , 155 , 1592-1598 


cingulotomy The surgical de- 
stfuctFon of the cingulum bundle, 
which connects the prefrontal cor¬ 
tex with the limbic system; helps 
to reduce intense anxiety and the 
symptoms of obsessive-compul¬ 
sive disorder. 




^roup lliLil [jrohibiLrcl aiuiljitjtics) tlrvflopcd into ttii an- 
Lohintunic tliscast^ tliai prodiicccl (obsessions aiul ctnn- 
]jiilsi(>ns. Tlie investigalurs font id antibodies to type A 
P-liennilyiie suepiuecKcns, and MRl scans indicated alv 
normalities in the basal ganglia. 

Several snidles using PKT scans have luiind evidesice 
ol increased activity in the IVomal lobes and caudaie nu¬ 
cleus in patients with (KU>, A review by Saxena el al. 

(1998) reporied on six PKT studies. Five studies Ibund in¬ 
creased aciivitv in tlte orbitolrontal cortex, two studies 
found increased activity in the cingulate ctn lex, and two 
studies found increased activity in the caudate nucleus. 
Saxena and his colleagues also reported on se^'eral stud¬ 
ies that measured regional brain activity of OCD patients 
ftefore and after snecesslul ireaimem with drugs or be¬ 
ll avioi iheiTipy, In geiierab ilie improvenieni in a paiiem's 
symptoms was con elated with a reduction in I lie activity 
of'tlie caudate nucleus and oi bilofVontal coittex. Fhe fact 
that behavior thera[jy and drug therapy produced sinhiar 
lesnlts is esjDeciallv remarkable: It indicates that very dif- 
lerent procedures may be liriuging about pliysiologieal 
changes that alleviate a serious mental distirder. 

As we saw' in ("hapter If), the prefrontal cortex (par- 
liciilarly tlie orbitofiontal coilex) and llie cingulate cor¬ 
tex are imolved in emotional reaciions, so it is not surprising to learn lliat they might 
be implicaiecl in ()(d). Iti fact, some patients with severe OCD have been successfully 
treated with cingiiloiomy^ —^surgical destniciion ol specilic fiber bundles in ilie siilv 
cortical frontal lobe, including the citigulum bundle (which connects lire preiroiual 
and cingtilate cortex with the limbic cortex of the lempinai lobe) and a region that 
contains fibers that connect the basal ganglia with the prefrontal cortex (Ballanline 
et al., 1987; Mindtis, Rasmussen, and Lindcjuisi, 1994). I'hese operations, which are 
performed only when a patient has sei iotis obsessive and compulsive symptoms that 
do not res[K>nd to behavior therapy oi drugs, have a reasonably good .sncce.ss rate. 
Dougherty et al. {2092) repoi ted iliat 32 percent of’ patients showed definite im¬ 
provement af ter cingulotomy, 14 [>ercent sliowed partial imj^rcA'cmeni, and ,a4 per¬ 
cent were unchanged. Oi' course, neitrosmgery cannot be undone, so such 
procedtires must be considered only as a last resort. 

In one extraoi'dinai y case a patient performed bis own psycliosurgei y. Solytmi, 
Turnbull, and VVilensky (1987) l epoitted the case oi a young man with a serious ol)- 
sessive-rompulsive disorder whose ritual baud washing and other beiiaviors made it 
impossible for him to continue his sclioolitig or lead a noi nial life. Finding that liis 
life was no longer worthwhile, he tiecidt'd to end iu He j^laced die mu//le of a .22- 
caliber rifle in his mouth and pulled tlie trigger. The bullet entered the base of the 
brain and damaged tlie frontal lobes. He sni vived, and he was ama/ed to ilnd that 
his compulsions were gone. Fortunately, the damage did not disrupt Ins ability lo 
make or execute plans: he went back to schotd atid conij^letcd his education and 
now’ lias a job. His !(> was unchanged. Ordinary surgery would have been less baz- 
ai clous and messv, but it etiuld hardlv have been more successful. 

The symptoms oi’O(U) can be treatefl by specific serotonin reuptake inhiliitors 
such as clomipramine, fluoxetine, and fluvuxamine. Altliongh these drugs are also 
ef fective aniidepressants, their antidepressaut action does not seem to ht^ related to 
their ability to relieve the svmjitoms of 0(4). For example, L.eouard et al. (1989) 
compared tile effects of clomipramine and dc^siprarnine (an antidepressant drug 
that inhibits the l euptake of norepinephrine but not serolonin) on die symptoms of 
children and adolescents with severe obsessive-compulsive disordei. For three weeks. 
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Figure 15.23 


all [>aticius rt'Cfivcd a placebo, Fheti (‘or live weeks lialf of 
iliern receiverl cltJitiipraniioe ((aVtl), and the r>tluT halfre' 
ceived dcsiprainine (DMI), on a double-blind basis. At the 
end o[ diat time the drills were swiu hed. A.s Figure 15.23 
shows, (.All was a mncli mow cflcctive tlnig; in faru when 
the ])anenis were switched (rotn C^Ml to l)Mb their svinp- 
tonis worse, (See Fif^cre 15,23.) 

The importaiue of serotoneifric activity in inhibiting 
eoinpulsive behaviors is uncierscored by three interesting^ 
eoinpulsiotts: irichotilloinania, onyrhophagta, and acral lick 
derniatiiis, Tnrliotilhmfnua is compulsive hair pnlliti^. Peo- 
[)le wiUi this disorder (almost ahvays females) often spend 
hours each nijfht ]:)nllin^ hairs t>m one bv one, sometimes 
eat in them (Rapopori, HHM ), is roniptilsive 

nail biting, which in its extreme can cause sevc^re datnage to 
the ends of the f1nger.s, (For those who are sufficiently agile, 
toenail biting is iicjt unccmmion,) Doublet-blind studies have 
shown that both ofThese disorders can be treated success- 
fuily by clomipiainiiie, the drugofehoice for obsessivc-com- 
]3ulsive disorder (l,eonard el al., 1992a). 

Arm/ iifk fin met fit is\s a disease of clogs, not Immans, Srane 
dogs will continuously lick at a part of dieir body, especiallv 
liteir wrist or ankle (called tite rfirfitiS Mu] tbe Itork). I'he lick¬ 
ing removes the liair atrd often erodes awav the skit> as well. 

I'he disordei'seems us be geiieiic; it is set^n almost c'xchtsively 
in large breeds sucli as (heal Danes, l,iibrador retrievers, and 
Ciernian sliepherds, and it runs in families. A douijlc^-blind 
study fbutul that clomipramine reduces tins com[>ulsive be- 
baviot (Rapcjport, Ryland, and Ki iele, 1992). Al first, when 1 
read the term Tloubled>lincr in the report by Raf>opori and 

fier colleagues, I was amused to tliitik that tfie investigators were eareful not to Itn the 
dogs learn whether they were rc^ceivitig clomipramine ora [>iacel)o. Then I realized 
that, of course, It was tlie clogs' owners wfio had lo fje kept in the dark. 


Mean rating of symptom severity of patients wkh obsessive- 
compulsive disorder treated with desipramine (DMI) or 
clomipramine (CMI). 


I 

</> 

E 

o 

Q. 

£ 

>. 

(A 

O 

O) 

C 

la 

c 

ra 

CD 



± 


X 


X 


X 


X 


X 


1 2 3 4 5 


6 7 8 

Weeks 


9 10 11 12 13 
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INTERIM SUMMARY 


Anxiety Disorders 

The anxiety disorders severely disrupt some people's lives. Panic disorder is approximately 2,5 
times more frequent in females than in males. People with panic disorder periodically have 
panic attacks, during which they experience intense symptoms of autonomic activity and of¬ 
ten feel as if they are going to die. Frequently, panic attacks lead to the development of ago¬ 
raphobia, an avoidance of being away from a safe place, such as home. Family and twin 
studies have shown that panic disorder is at least partly heritable, which suggests that it has 
biological causes. An association between joint hypermobility syndrome ("double-jointed- 
ness") and panic disorder and panic disorder may involve a region of chromosome T5, 

Panic attacks can be alleviated by the administration of a benzodiazepine, a finding that 
suggests that the disorder may involve decreased numbers of benzodiazepine receptors or 
an inadequate secretion of an endogenous benzodiazepine agonist, A benzodiazepine an¬ 
tagonist can trigger a panic attack, and a study found evidence for a reduction of GABA^ re¬ 
ceptors in the brains of people with panic disorder. Nowadays, the first choice of medical 
treatment for panic attacks is specific serotonin reuptake inhibitors. Functional imaging 
studies suggest that the prefrontal, cingulate, and anterior temporal cortices are involved in 
panic attacks. 
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Obsessive-compulsive disorder {OCD) is characterized by obsessions—unwanted 
thoughts—and compulsions—uncontrollable behaviors, especially those involving cleanli¬ 
ness and attention to danger. Some investigators believe that these behaviors represent 
overactivity of species-typical behavioral tendencies. 

OCD has a heritable basis and is related to Tourette's syndrome, a neurological disorder 
characterized by tics and strange verbalizations. It can also be caused by brain damage at 
birth, encephalitis, and head injuries, especially when the basal ganglia are involved. A type 
A |3-hemolytic streptococcus infection can stimulate an autoimmune attack—presumably on 
the basal ganglia—'that produces the symptoms of OCD. 

PET scans indicate that people with obsessive-compulsive disorder tend to show increased 
activity in the orbitofrontal cortex, cingulate cortex, and caudate nucleus. Drug treatment or 
behavior therapy that successfully reduces the symptoms of OCD generally reduces the activ¬ 
ity of the orbitofrontal cortex and caudate nucleus. Cingulotomy, the destruction of the cin¬ 
gulum bundle, which links the prefrontal cortex and cingulate cortex with the limbic cortex 
of the temporal lobe, reduces the symptoms of OCD, as do drugs that specifically block the 
reuptake of serotonin. Some investigators believe that clomipramine and related drugs alle¬ 
viate the symptoms of OCD by increasing the activity of serotonergic pathways that play an 
inhibitory role on species-typkal behaviors. Three other compulsions, hair pulling, nail biting, 
and {in dogs) acral lick syndrome, are also suppressed by clomipramine. 

THOUGHT QUESTION 

Most reasonable people would agree that a person with mental disorders cannot be 
blamed for his or her thoughts and behaviors. Most of us would sympathize with some¬ 
one whose life is disrupted by panic attacks or obsessions and compulsions, and we would 
not see their plight as a failure of will power. After all, whether these disorders are caused 
by traumatic experiences or brain abnormalities (or both), the afflicted person has not 
chosen to be the way he or she is. But what about less dramatic examples: Should we 
blame people for their shyness or hostility or other maladaptive personality traits? If, as 
many psychologists believe, people's personality characteristics are largely determined 
by their heredity (and thus by the structure and chemistry of their brains), what are the 
implications for our concepts of "blame" and "personal responsibility"? 


EPILOGUE 


Tardive Dyskinesia 


As a result of taking an antipsychotic 
medication, Larry, the schizophrenic 
man described in the chapter prologue, 
developed a neurological disorder called 
tardive dyskinesia. Tardus means "slow," 
and dyskinesia means "faulty move¬ 
ment": thus, tardive dyskinesia is a late- 
developing movement disorder (In 
Larry's case it actually came rather early.) 

Tardive dyskinesia appears to be the 
opposite of Parkinson's disease. Whereas 
patients with Parkinson's disease have 
difficulty moving, patients with tardive 
dyskinesia are unable to stop moving. In¬ 
deed, dyskinesia commonly occurs when 
patients with Parkinson's disease receive 


too much l-DOPA. In schizophrenic pa¬ 
tients, tardive dyskinesia is made worse 
by discontinuing the antipsychotic drug 
and is improved by increasing the dose. 
The symptoms are also intensified by 
dopamine agonists such as l-DOPA or 
amphetamine. Therefore, the disorder 
appears to be produced by an overstimu¬ 
lation of dopamine receptors. But if it is, 
why should it be originally caused by an¬ 
tipsychotic drugs, which are dopamine 
antagonists? 

The answer seems to be provided by 
a phenomenon known as supersensitiv¬ 
ity. Supersensitivity is a compensatory 
mechanism in which some types of re¬ 


ceptors become more sensitive if they 
are inhibited for a period of time by a 
drug that blocks them. For tardive dyski¬ 
nesia the relevant receptors are Oj re¬ 
ceptors found in the caudate nucleus, an 
important component of the motor sys¬ 
tem. (You will recall that Parkinson's dis¬ 
ease is caused by degeneration of 
dopamine-secreting neurons that con¬ 
nect the substantia nigra with the cau¬ 
date nucleus.) When these receptors are 
chronically blocked by an antipsychotic 
drug, they become supersensltive. In 
some cases the supersensitivity becomes 
so great that it overcompensates for the 
effects of the drug, causing the neuro- 
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logical symptoms to occur (Adler et aL, 
2002;Tarsy< Baldessarini, andTarazi, 
2002 ). 

Fortunately, the wish expressed by 
Larry's physician has come true. Re- 
searchers have discovered medications 
that treat the symptoms of schizophre¬ 
nia without producing neurological side 
effects, and early indications suggest 
that tardive dyskinesia may become a 


thing of the past. The incidence of tar* 
dive dyskinesia is absent or much re¬ 
duced in patients who are treated with 
the atypical medications, apparently be¬ 
cause they do not block D 2 receptors 
(Llorca et al., 2002). Even patients who 
are treated with the "classic" antipsy¬ 
chotic medications are unlikely to de¬ 
velop tardive schizophrenia if they are 
treated with low doses {Lohr et al., 


2002; Turrone, Remington, and No- 
brega, 2002). Clozapine, the first of the 
atypical antipsychotic medications, has 
been joined by several others, including 
risperidone, olanzapine, and amisul- 
pride. As we saw in the previous section, 
these drugs, unlike the "classic" antipsy¬ 
chotic medication, reduce the negative 
symptoms of schizophrenia as well as 
the positive ones. 


A 


KEY CONCEPTS 


SCHIZOPHRENIA 

1. Because a tendency Uj develop scliizophrenia is her¬ 
itable, biological factors appear \o be inipurtaiu in 
the det clupnienl of’ llii.s disorder. 

2. The eflects of dopamine agonists and antagcnnsis on 
the positive symptoms oi schi/oplirenia give su|jport 
to tile dt>pannne bypotlie.sis. 

Because eviticnce of l:)rain damage is found in people 
who display the negative sympn>ms of schi/o[}hrenia, 
some researcliers believe that a patliological process. 
pel 1 laps triggered l)y a virus, is ie.spt>nsil:>Ie for sclii/- 
o[}lirenia. 

4. Evidence suggesis dial the negaiive symptoms of 
scliizopiirenia are primarilv cau.sed bv decreased ae- 
liviiy of die prel’rontal cortex, wliicli may inerease 
the release of dopamine in tlie nucleus accumbens 
and provoke the positive svmpioms. 

MAJOR AFFECTIVE DISORDERS 

5, The major affective disorders include major ciepres- 
sion and bipolar disorder. Kvidence suggesis thai 
both types are lieritable. 

b. The monoamine hvpothesis was suggested bv the 
tin dings that dopamine agonists and antagonists af- 


ieci tile s) inptoms of the ai icedve disorders, anci that 
depressed people tend to liave a low level id a sero 
tonin metabolite in their C!SF. 

7. The al lee live disorders arc relate^d to sleep distur¬ 
bances and can be relie%ed by RKM sleep depriva¬ 
tion or total sleep depiivation. hi additioti, some 
peoj^le suh’ei from seasonal affective disorders. 
Thus, alfective di.sordcrs rnav he caused bv nialfunc- 
lions oi llie neural systems that regulate circadian 
ihythms. 

ANXIETY DISORDERS 

S. The two most serious anxiety dist^rders are panic dis¬ 
order and obsessive-eomi^ulsive tlisorder. Both disor¬ 
ders appear to ha%'e a sin}ng hereditary component. 

9. Panic disoi der is ii eated witli benzodiazepines and 
may involve abnormalities in tliese receptors. It is also 
treated with serotonin agoni.sts such as lhu>xeune. 

10. Obsessive-campulsive disorder may be related to the 
species-typical behaviors of grooming, cleaning, and 
attention to danger. It is ueated with speciiic sero¬ 
tonin reuptake inhibitors siicli as cloini[diamine, 
which inlnhii diese behaviors in laboraiorvanimals. 
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r SUGGESTED WEB SITES 1 


Schizophrenia 
www.schizoph ren ia*com/ 


This foinprt'htnisivc site rniiUiiiisthsnission areas devoted to 
scJii/ophrcnia as well as fact sficcis aljout st hi/c>]3lireiiia. 


All About Deproiisioii 
http://depression.mentalhelp.net/ 

This site fVfJm the Menial Health Network contains links <jn 
depTOssion diagnosis, iherapy, and organi/.aiUnis. 


Dana Brain Web 

WWW. d a n a .o rg/bra) n we b/ 

d'lu' loctis ol’the Dana Brain VVeh is on sites reiaiing to brain 
distnis4's atifi disorriers. 


The Search Tor Novel Antipsychotic Drugs 
htt p ://sa I mo n . psy. p i y m . ac. u k/y ea r2/sch i zo 1. htm 

This site jjRJvkies siuflent acet'ss tf> a cinn[>reiiensivc sci tii 
matorials jelaiiug \(> the pliannacologv’ ol srhi/of^hienia. 



Autistic, Attention- 


Defi ci t/Hy pe ra cti vi ty. 
Stress, and Substance 
Abuse Disorders 




I 


CHAPTER OUTLINE 



■ Autistic Disorder 

Description 
Possible Causes 

INTERIM SUMMARY 

■ Attention-Deficit/ 
Hyperactivity Disorder 
(ADHD) 

Description 

Possible Causes 

INTERIM SUMMARY 

■ Stress Disorders 

Physiology of the Stress 
Response 

Health Effects of Long-Term 
Stress 

Posttraumatic Stress Disorder 
The Coping Response 
Stress and Infections Diseases 

INTERIM SUMMARY 

■ Substance Abuse 
Disorders 

What Is Addiaion? 

Common Features of 
Addiction 



1- Describe the symptoms and possible causes of autism. 

2. Describe the symptoms and possible causes of attention-deficit/hyperactivity disorder 

3. Describe the physiological responses to stress and their effects on health. 

4. Discuss some of the long-term effects of stress, including posttraumatic stress 
disorder, and describe the role of the coping response. 

5. Discuss the interactions between stress, the immune system, and infectious diseases, 

6* Review the general characteristics and definitions of addiction. 

7* Describe two common features of addictive drugs: positive and negative reinforcement 

8. Review the neural basis of the reinforcing effects and withdrawal effects of opiates. 

9. Describe the behavioral and pharmacologicai effects of cocaine,amphetamine, and 


nicotine. 


Commonly Abused Drugs 
Heredity and Drug Abuse 
Therapy for Drug Abuse 

INTERIM SUMMARY 


10. Describe the behavioral and pharmacologicai effects of alcohol and cannabis, 

11. Describe research on the role that heredity plays in addiction in humans. 

12. Discuss methods of therapy for drug abuse. 















PROLOGUE 


A Sudden Craving 


John was beginning to feel that perhaps 
he would be able to get his life back to¬ 
gether* It looked like his drug habit was 
going to be licked* He had started taking 
drugs several years ago* At first he had 
used them only on special occasions— 
mostly on weekends with his friends— 
but heroin proved to be his undoing. 

One of his acquaintances had introduced 
him to the needle, and he had found the 
rush so blissful that he couldn't wait a 
whole week for his next fix. Soon he was 
shooting up daily. Shortly after that he 
lost his job and, to support his habit, be¬ 
gan earning money through car theft 
and smalltime drug dealing. As time 
went on, he needed more and more 
heroin at shorter and shorter intervals, 
which necessitated even more money* 
Eventually, he was arrested and convicted 
of sellifxg heroin to an undercover agent. 


The judge gave John the choice of 
prison or a drug rehabilitation program, 
and he chose the latter. Soon after start¬ 
ing the program, he realized that he 
was relieved to have been caught. Now 
that he was clean and could reflect on 
his life, he realized what would have be¬ 
come of him had he continued to take 
drugs. Withdrawal from heroin was not 
an experience he would want to live 
through again, but it turned out not to 
be as bad as he had feared* The coun¬ 
selors In his program told him to avoid 
his old neighborhood and to break con¬ 
tact with his old acquaintances, and he 
followed their advice* He had been 
clean for eight weeks, he had a Job, and 
he had met a woman who really seemed 
sympathetic. He knew that he hadn't 
completely kicked his habit, because 
every now and then, despite his best in¬ 


tentions, he found himself thinking 
about the wonderful glow that heroin 
provided him. But things were definitely 
looking up. 

Then one day, while walking home 
from work, he turned a corner and saw 
a new poster plastered on the wall of a 
building* The poster, produced by an an¬ 
tidrug agency, showed ail sorts of drug 
paraphernalia in full color: glassine en¬ 
velopes with white powder spilling out 
of them, syringes, needles, a spoon and 
candle used to heat and dissolve the 
drug. He was seized with a sudden, in¬ 
tense compulsion to take some heroin* 
He closed his eyes, trying to will the 
feeling away, but ail he could feel was 
his churning stomach and his trembling 
limbs, and all he could think about was 
getting a fix. He hopped on a bus and 
went back to his old neighborhood* 


C hapter 15 discusserl uienial disorders cliaracteiized by inaUuUiptive emotions 
and thought processes* This chapter considers lour more disorders with a pliys- 
iological basis: autistic disorder, attetuion-denett/hyperactivity disordei; stress 
disorders, and drug abuse. Autistic disorder appears to be a hereditary disorder that 
afiects developuKUil of ilie brain* Most autistic cliildren show mental retardation, but 
sotne do lUJl* However, all of diem exhibit severe deficiencies in stjcial behavior; 
some do nut even seem to reci>gni/e the existence of people otlier than themselves. 
AltenLion-deneil/hvperacUvity disorder can eatise severe impairments in chiklren's 
social and academic adjust men is. 

Although we tend to think oj’stress disorders and drug abuse as the con.se- 
quences of modern civilization, stress and drugs have probably been familiar to tnir 
species Irom its very beginnings* Modern research has shown that communal living 
ill giT)U]Js of nonliuman priniaies generates much stress^—^so much that some mem- 
hers die cif stre.ss-related illness. And our aiieestoi s long ago discovered dial eating 
or smoking certain plants (or drinking fernieiUed fruit jihce) had interesting ei’i’ects 
on one's percejilion, m(>od, and behavior. Of course, l!ie development of modern 
cheinisirv lias enabled us uj reline drugs found in plant tissue or produce chemicals 
thai are not normally found in nature, and some ol these drugs are much more jio- 
leni (and poieiUlaUy viddkiive) than those our ancestors encountered* 


a u tistk d iso rd er A ch ron ic disor- 

I 

der whose symptoms indude fail¬ 
ure to develop normal social 
relations with other people, im¬ 
paired development of commu¬ 
nicative ability, lack of imaginative 
ability, and repetitive, stereotyped 
movements. 




Autistic Disorder 


Descnption 

When a habv is horiu the parents normally expect to love and cherish the child and 
to be loved and cherished in return* Unforumately* apfirnximately 4 in e%^ery 1(1,00(1 
infaiit.s are horn wiili a disorder that impairs their ability it> return their parents' af¬ 
fection. I he svmptoms of autistic disorder indude a failure to develop normal social 
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When a baby is born, the parents normally expect to love and cherish the 
child and to be loved and cherished in return. 


rclaiionsliips witli other people, impaired developineni of coiniiHinicative aliililv. and 
lack of imaginative ahiliiy, I'he syndrome was named and characierized by Kanner 
(1948), who chose the term “seiir -Ism. Vonrlition") to refer to ilie child's a[> 

parent selhahsorpUon, The disoixler afllicts boys tlirce times more often than pfirls. 

Infants with anti Stic disorder do not seem to care wliether thev are held, or ihev 
may arch ilieir hacks when picked tip, as if they do not want to be held. They do not 
look nr smile at their caregivers, 11’ they arc ill, hnrt. or Lired. thev will not look to 
someone else h>r comfort. As thev get older, thev do not enter into social relation¬ 
ships with other children and avoid eye contact with them. Their language devel¬ 
opment is abnormal or even nonexistent. They of ten echo what is said to them, and 
they may refer to themselves as others do—in the second or third person. For ex¬ 
am iDle, ihcv niav sav, “Yon watn some milk?” to mean '1 want some milk/ Thev mav 

i , t / Jr 

leal II words and phrases by role, but they fail to use them productively and creatively. 
Those wlio do acquire reasonably good language skills talk about their own preoc- 
cn[nations without regard for other people's interests. Thev usually interpret other 
people's speech literally. For example, when an autistic person is asked, T'an you 
pass the salt?/ he might simjily say ‘'Ve.s”—and not because he is Li ving to be funny 
t>r sarcastic* 

Atilislic people generally show^ abnormal interests and behaviors. For example, 
liiey may sliow stereotyped movements, such as flapping their hand back and forili 
or rocking back and forth. They may become obsessed with investigating objects, 
.sniffing them, feeHtig their texture, or moving them hack and forth. Fhev may be¬ 
come attached to a pariicnlar object and insist on carrying it around with them. 
I hey may become preoccupied in lining up f>bjects or in forming patterns with 
them, oblivious to everything else that is going on around them. They often insist 
on folkiwing precise routines and may become violently upset when thev are hin¬ 
dered from doing so* They show no make-believe play and arc uninterested in sto¬ 
ries that involve fantasy. Although most autistic people are mentally retarded, not all 
are; and unlike most retarded people, they may be physicalIv adept and graceful. 
Some have isolated skills, such as the ability to multipiv two lour-digit ntimbers very 
quickly, with out apparent effort. 

Autistic disorder is one of several pervasive developmental disorders that have 
similar symptoms (Rapin, 1999). /\.s/;c/gcr s iihfurfn h generally less severe, and its synij> 
toms do not include a delay in language flevelopment or ilie presence of important 
cognitive deficits. The primary symptoms are deficient or absent social interactions 
and repetitive and stereotyped behaviors and obsessional interest in narrow subjects* 
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Figure 16.1 

Responses of the fusiform face area in normal and autistic adults 
looking at pictures of human faces. This region received very little 
activation in the autistic subjects, but in every normal subject this 
region was the most active one in the brain. FG = fusiform gyrus, 
STS - superior temporal sukus, Amy = amygdala. 
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From Pierce. K, MuHer, R -A., Ambrose. J.. Allen, 6., and Courchesne, E, 
Bran 2001, 124, 2059-2073, 


\ dmmln is a gonetic iietinilogical syiuironie seen in 
girls that accompanies an arrest of normal brain develo|> 
incut that occnrs during infancy. Cihildreii wiili chtlfUivofl 
di.shitegmiivf (fisovdn sinnv normal iniellectual and social 
development and them sometime between the ages ol 2 
and 10 years, show a severe regression into autism. When 
autistic children with mental retardation reach puberty, 
many oi’ them develop epileptic seizures, an occurrence 
tliat suggests that abnormal changes Lake place in the 
brain at this stage of development (Rapin, 1995). The 
prevalence ol all turms of pervasive developmental disor¬ 
ders is 18.7 in 10,000 (Fombonne, 1999). 

As YOU can see, aiuisiic disorder includes affective, 
cognitive, and behavioral abnormalities. The lack of in¬ 
terest in or imderstaiidiiig of other people is reflected in 
the resp<Mise oj' the autistic brain to the sight of the hu¬ 
man face. As we s^iw in C^hapter 0, the fust form far amt, he 
cated on the fusildrm g)'rtis, a region of visual association 
cortex t>n the base of die brain, is involved in tite recog¬ 
nition individual faces, A functional imaging study by 
Pierce et al. (2001) found little or no activity in the 
l usiform face area of autistic adults looking at pictures of 
human laces. Ln conlrast, this region showed the greatest 
increase of all brain regions of coiiti ol subjects perfbi Eu- 
iiig the same task. {See Fi^tre 16A.) As Pierce and her col- 
leagttes note, autistics are poor at recognizing facial expressions of emotion or the 
direction (>f another person's gaze and have low rates of eye contact with other peo¬ 
ple. It seems likely that the fusiform face area lyfauiistics fails to respond to the sight 
of the huEuait lace because these people spend very little time studying other peo¬ 
ple’s faces and hence do not develop the expertise the rest of us acquire through 
normal interpersonal interactions. 



J . 




Possible Causes 

When Kituner first described autism, he suggested that it wa.s of biological origin; but 
not long afterward, influential clinicians argued that autism was learned. More pre¬ 
cisely, it w'as taught—by cold, insensitive, distant, demanding, introverted parents. 
Betielheiin (1967) believed that autism was similar to the apathetic, withdrawn, and 
hopeless behavior seen in some of the surviviirs of tlie Cierman concentration camps 
of World War II. You can imagine the guilt felt by parents who were told by a men¬ 
tal heahh professional that they were to blame for their chikfs pitiful condition. 
Some professionals saw the existence of autism as evidence for child abuse atul ad¬ 
vocated that autistic chiltlren be removed from their families and placed with fosiei' 
parents. 

Nowadays, researchers and mental health professionals are convinced that 
autism is caused by biological factors and that parents should be given help and sym¬ 
pathy, not blame. Clareful studies liave shown that the parents of autistic clnldren are 
just as warm, sociable, and responsive as other parents (Cox el al.. 1975), fn addition, 
parents with one autistic child often raise one or more normal children. If the par¬ 
ents were at fault, we should expect all of iheii offspring to he autistic. 


Heritability 

Like all the mental disorders I have described so far, at least some forms of 
autism appear to be lieritalde. As we shall see, there appear to be SfTwr/niereditary 
causes, as well as some nonhei editai y ones. Between 2 and 3 percent of the siblings 





4)1 pfO]:)le wiili auiisiii are ihcniselvt^s auiistic (Kolsictii aiul [’Ivm, 1991: Bailev, 1991^)* 
Thai figure naglu seem low; hui it is heivveeu 50 and 100 times ihe expected fre¬ 
quency oi autism in the general population {dcasesper 10,000 pe(jple). As Jones and 
S/atmari (1988) note, many parents su>p having children after an autistic child is 
l)orn for fear t)l having anotlier one with the same disorder; if ihev did noi, ihe [jer- 
centage ol aulisiic siblings would hv even larger. 

The best evidence for genetic factors in autism comes honi twin studies. I'hese 
studies indicate that the concordar^ce rate lor monozvgoiic twins is ap[>roximaiely 
70 percent, while ilie rale for dizygotic: twins suidied so far is 0 percent (Kolsiein and 
Rosen-Sheidlev, 2001). In addition, most ofdlie nonaulislic members ol flistorclani 
monozygotic twins exhibited dellcient language development and showod signs oi’ 
social withdrawal (Bailey ei ah, 1995). I liese rcsulis indicate that autism is iiighlv lier- 
I la hie. Cienelic investigations have suggested that genes involved in autistic disurdt*r 
may be located on cJiiomosomes 2, 7, 15, and X {I’olstein and Rosen-Slieidley, 2001). 
Kvideiice obtained l>y VVassink et al. (2001) suggests that the V\'V7'2geue, located on 
chn>mosuuie 7 and involved in development, inav play a role in autism. 


Brain Pathology 

Tlie f act that aulisiii is highlv hen itable is presumptive evidence^ that the disor^ 
der is a result of sLi uctural or biochemical abnormaliues in the brain. In addilion, a 
variety of‘nongeneiic pailiological conditions—l^specially those that occur during 
prenatal development—t an produce ihesympttuns of autism. fa tdence suggests that 
approximately 20 percent of all cases of autism have definable biological causes, 
such as rubella (Clerman measles) during [^n^gnaucy: j^reiiatal tbaliilomide: en¬ 
cephalitis caused by the herpes virus; and tuberous sclerosis, a genetic disorder that 
causes the Icirmaiion t>f benign tumors in main organs, including the brain {i.)e 
Tong, 1999; Ra]>in, 1999). Hollandei^ et al. (1999) found evidence lor an auu)ini- 
nnine process in st>nie cases ofaiuism. As we saw' in f^liajjler 1.5, tic disorders and ul>- 
sessive-comjjiilsive disordei can be produced bvan autoimmune reacHoii provt>kefl 
liy a group A (i-hemolytic streptococcal infc^ction. Hollander and his collc^agues 
found slreptoeoccal aniibodies in blood samples fVtmi 78 percent of the autistic pa¬ 
tients bitt only 21 percent of the normal sTihjt'cts. All ihe.se lindlugs suggest that 
autistic disorder can i c:suh from a wide variety nl j'aciors that damage the brain or 
impair its develo]jmeut. 

.Studies by Millei' and Strt5mland (1998) and .Sin5uiland el al. (1994) ideiitihc'd a 
di'ug that can increase the likelihood ol autism. Thalidomide, a drug that was given 
to pregnant women in some cmmtries during the i960s to treat the sym])ioms of 
me truing sickness, was later found to cause serious birth defecl.s. Miller. Snomlaiid, 
and their c<jllc*agnes sindicxi eiglilv-six [jeople whose mothers bad taken thalidomide 
during pregnancy and found that five of them wore atitisiic. ( fliis rate is 145 times 
higher than the rale of autism in the population as a W'liole.) All of the autistic peo- 
[>le had ht^en exfxm^d to thalidomide lie tween prenatal da vs 20 and 24. .As Rodier et 
al, (1990) note, the only part of’the central nervous system that forms at this time is 
the brain stem. They sitggc'si dial eiilier genetic ahnoi inaliiies or ex]>osure of a de- 
velo[)ing embryo to toxic c hemicals just after closure of the iienral tube mav he re¬ 
sponsible for anomalies in brain development that are responsible foi autism, Bv die 
way, studies have failed to fltid evidence that autism is linked to childhood immu¬ 
nization (Farrington, Milieu and Taylor, 2f)01; Audrcwvs et ah, 2002: Taylor cl al.. 2002). 

Rc'searchers have found cwidence for structural ahnonnalities in the hiains of 
autislics, hut so far we cannot ptilni to any single abnormality as the cause of the dis- 
order. (lourcliestie et ak (2fl91) use structural MRI to study the braiu development 
oi autistic and normal boys. Tlicy found that although the average head size (and pre^ 
sumably the brain size) of llie two groups was identical at birth, by age^s 2—4 years the 
brains of children who bexame autistic wore larger than normal. MRI scans sliowed 
increased growth of white iiiaitei in the cerebellum and grav and wliite matter in the 
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cerebral fiemi.sphere.s. Tlie cerebellar ^ray matter grew more slowly iliaii norjiiaL 
One region ol the cei el>dliun—tine vermis, a structure located on the mkiliiie—was 
much smaller than normal. Bailey el al, studied the bi ains of six deceased 

auiisiicsand lotmd enlaigetl brain si/e in most cases, along wiib developmental all- 
normalities in ilie cortex, brain stem, and cerebellum. They Rjinul a 31 percent de¬ 
crease In tile number of' PurkinJe cells, the largest neurons Idnnd in the cerebellai^ 
eortex. Tlie relationshi]) between these abiKirmalities and the svmpionis of autism 
is not vet understood. 


INTERIM SUMMARY 


Autistic Disorder 

Autistic disorder occurs in approximately 4 of 10,000 infants. It is characterized by poor or 
absent social relations, communicative abilities, and imaginative abilities and the presence 
of repetitive, purposeless movements. Although autistics are usually, but not always, re¬ 
tarded, they may have a particular, isolated talent. Autistic people tend not to pay attention 
to other people's faces, which Is reflected In the lack of activation of the fusiform face area 
when they do so. 

In the past, clinicians blamed parents for autism, but now it is generally accepted as a 
disorder with biological roots. Twin studies have shown that autism is highly heritable but 
that several genes are responsible for its development. Autism can also be caused by events 
that interfere with prenatal development, such as prenatal thalidomide or maternal infec¬ 
tion with rubella. Evidence suggests that the most critical period occurs between the 20th 
and 24th days of gestation. Autism does not appear to be associated with childhood vacci¬ 
nations. MRI studies indicate that although the brain size of babies who become autistic is 
normal at birth, their brains are larger than normal by ages 2-4 years. Parts of the brain, such 
as the vermis of the cerebellum, are much smaller than normal. Studies of the brains of de¬ 
ceased autistics have found abnormalities in the cortex, brain stem, and cerebellum. 


atte ntion-d ef i cit/h y pe ra cti V i ty 
disorder (ADHD) A disorder 
characterized by uninhibited re¬ 
sponses. lack of sustained atten¬ 
tion, and hyperactivity: first shows 
itself in childhood. 


Attention-Defkit/Hyperactivity Disorder 


Description 


Stunt' cliildrtni liavc tiifTiculty conceturaiiug, remaining si ill, and working on a task. 
Al one time oi’ oilier, wm/ children exhibit these cliaiacterislics. But children with 
attention-deficit/hyperactivity disorder (ADHD) display these symptoms s<i often 
ill at ihev interfere wiih the cliildren's abilltv Ur learn, .ADMD is ihe most common 
behavior disorder thai shows itself in childhood. It is nsnally hrsl discovered in the 
classroom, wliere children are expected to sit c|uielly and [lay attention lo die 
teacher or work sieadily on a [in>ject. Some children's inabililv to meet lliese ex- 
peciations ihen becomes evifleiit. They have difFiculty withholding a respmise, act 
wiihonl 1 efleciing, often show reckless and im|>eluons behavior, anti let intei fei iiig 
activ iiies intnicle into ongoing tasks. 

According to the I>SM-l\\ the diagnosis of ADHD ret|iiii'es the presence of six 
or more of nine sympioms of jnauenlioii and six or more of nine svmptoms oI‘ hv- 
peractivity and imjiiilsivity that have persisted lor at least six immlhs. Synifitoms ol‘ 
inattention include such things as ''often had difficulty sustaining attention in tasks 
of play activities" or "is often easily distracted by extraneous sthmili''; aud svmptoms 
of hyperaciivity and impiilsivity include such things as "often l uns about or climbs 
excessively in situations in which it is iuappropriaie'Tji "often interrupts tir intrudes 
on others {e, butl.s into conversations or games)” (American Psychiatric Associa¬ 
tion, 199 T p]J* b4—fio). 








AttentEon-Deficit/Hyperactivity Disorder j 


S01 


ADMI) can l)c very disnijjlive oi’a clnki's cducatinn aiul iliai olAalicr children 
in ihc same classroom. (See Wilens, Bie<lcrmain and S])encer, 2()()2. lor a review,) It 
is seen in *4—3 perceni of^rade scliool cliildren. B(ws are about ten times imne likely 
than ^irls in recei\e a diagnosis of ADI ID, ]>ut in adnUliood llie raiit> is approxi¬ 
mately 2 to L wliich suggests that many girls widi this disorder fail to be diagnosed. 
Because the svmpUJins can varv—some children's svmptoms are primarily those of 
inai ten lion, some are tliose oi hyperacthity, aiifl some sltow mixed symptoms—most 
investigators believe that this disorder has more than one cause. Diagnosis is often 
dinicult, because the symptoms are lUH well defined, ADHD is olien associated with 
aggression, coiuhict disorder^ learning tlisabilities, de[>ression, anxiety, and h)w self^ 
esteem. Approximately 60 percent ol’chiidreii with ADHD cotninue to display sym[v 
lorns ofAhis disorder intt) aduhhood, at which time a dispioporiionale number 
develop antisocial personalltv disorder and stthsiance abuse disorder (Kriisl et al., 
1998). Adults \vith ADHD are also more likely to show cognitive imj^airments and 
lower occtijjatiniial auainmeiit than wonhl be predicted by their education (Seid- 
man cL ah, I99S), The most ctmunon treatment (br ADHD is administration ol’ 
methylplienidale (Ritalin), a drug tliai inhibits the reupiake of dojiamine. .Anijihet- 
amine, another do]>ami[ie agonist, also rcxlnces the sytnpioms ol ADHD, but this 
drug is used much less often. 


Figure 16.2 


Possible Causes 

Tliere is strong evidence from both (hniily studies and twin studies for hi-reditai y fac¬ 
tors in a persorrs hkelifiood of deveioping ADHD (Faraone and Biederman, 1994; 
Lew el al., 1997). In their twin study, Levy and her colleagues conclude that "ADI ID 
is best viewed as the extreme of a l)ehavit>r that varies genetically ll trough oul die en¬ 
tire ]:)o[>ulaLion rather than as a disorder with discrete de term i nan is" (p, 737). 

According to Sagvohlen and Sergeant (1998), the Impulsive and hyperactive be- 
havi<jr that are seen in chihlren with ADHD are the result of a dfiffy of rnti/mrfmm/ 
that is steeper iliaii normal. As we saw in C4uipter 12, the occurrence of an 
a[)peiitive stimulus can reinforce the behavior that Just preceded it. For (‘xample, a 
piece of food can reinforce the lever press that a rat just made, and a smile can re¬ 
inforce a person's atiemfus at conversaiion. Reinforcing 
stimuli are ntosi elfectlve if ihev imniediatelv follow a be- 

■I* ■ 

havior; The longer tlie delay, tile less effective the lein- 
Ibrcemem. Sagvolden and Sergeant suggest that some 
])hvsiologicai dilTerences in the brains of children with 
ADHD increase the steepness of their delay of reinforce¬ 
ment gj'adient, whicii means that immediate rc‘inforce- 
men t is even more effective in these children, hut even 
slightly delayed reinforcement loses its potency, (See fig¬ 
ure 76,2,) 

Wliy would a siecfier delav of reiiilbrcement gradient 
];)roflnce the symptoms (>r .ADHD? According to Sag¬ 
volden and Serge’^am, for people with a steep gradient, 
reinforcement wiiii a short delav will he even more effec¬ 
tive, thus producing overactiviiv. On the other hand, 
these people will he less likely to engage in behaviors that 
at e followed i>y delayed reintbrcemeiU, as many of our Ite- 
haviors (esjjechilly classroom aelivilies) are. In support of 
ihis hypothesis, Sag\'(>ldeu et al, (19V18) trained normal 
boys and boys with ADHD on an insirinnenial cnnditit>n- 
ing task. When a signal was present, resjjonses would he 
reinforced every 39 secoiuls with coins or trinkets. When 
the signal was not present, responses were never rein¬ 
forced, riie normal Ixjys learned to respond only when 


Different delay of reinforcement gradients, hypothesized by 
Sagvolden and Sergeant (1998) to be responsible for the impulsive 
behavior of children with ADHD, 
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ihf signal was jjrt'setiL Wlit^n l\w signal was oH, tlicy waiiod patiently until it t aiiH* 
on a^aitn In contrast, the boys with ADHD slumccl iinpnlsivc behavior^iiuertniitem 
bursts oj rapid respotises wfiether the signal was present or not. According to the in^ 
vesiigatcjrs. this pattern ol responding was what would ije expected by a steep delay 
ol reinlorcenient gradient. 

Studies brain siriictnre of peojjle Wilh ADHD do not reveal any locali^^ed alv 
noiinalilies, thougli die total volinne ol' their brains is approximately 4 percent 
smaller than injrmal {Hastellanos el al., 200"^^). However, a special innctional imag¬ 
ing meiln>d that estimates the blood volimie in warioiis regions of ifie brain revealed 
decreased bh>cKl vfdnmes in the basal ganglia anrl cerebellar vermis ol boys with 
ADHD ( reidier el ab. 2d()0; Anderson el ah, 2002). 


INTERIM SUMMARY 


Attention-Deficit/Hyperactivity Disorder 

Attention-deficit/hyperactivity disorder is the most common behavior disorder that first ap¬ 
pears in childhood. Children with ADHD show symptoms of inattention, hyperaaivity, and Im- 
pulsivity. This disorder is seen in 4-5 percent of grade school children and is more frequent in 
boys. The symptoms of about 60 percent of children with ADHD continue into adulthood, and 
the disorder is associated with antisocial personality disorder and substance abuse disorder. 
The most common medical treatment is methylphenidate, a dopamine agonist. 

Family and twin studies indicate a heritable component in this disorder. Evidence sug¬ 
gests that a steeper delay of reinforcement gradient may account for impulsiveness and hy¬ 
peractivity. The brains of people with ADHD are approximately 4 percent smaller than 
normal, and functional imaging indicates a decreased blood volume in the basal ganglia 
and cerebellar vermis. 


stress A general, imprecise term 
that can refer either to a stress re¬ 
sponse or to a stressor (stressful 
situation) 

stressor A stimulus (or situation) 
that produces a stress response. 

stress response A physiological 
reaction caused by the percep¬ 
tion of aversive or threatening 
situations. 

fight-or-ftight response A 

species-typical response prepara¬ 
tory to fighting or fleeing; 
thought to be responsible for 
some of the deleterious effects of 
stressful situations on health. 


i 


Stress Disorders 


Aversive stimuli ciin harm people’s healili. .Many of these harm fill effects arc pro¬ 
duced nt)i hv the siimnli ilieniseIves hni bv our reactions to them. Walter (Cannon, 

H I 

tlie physiologist who crhici/.ed the Jarnes-l.ange theory described iti C’.hapier 10. in¬ 
troduced the term stress to refer to the physiologieal leaeLicm caused by the per¬ 
ception of aversive or threatening siliiatioos. 

The word sOc.s.v was borrowed from engineering; in which it refers to the actitni 
of physical fbi ces of inechanical sirnctiires. The word can be a noun ora veili; aiul 
lire noun can refer lo sitnaiionsor the itKhvicluafs response to ihetn. Because of this 
potential confusion, I will refer lo ^'stressfuD stimuli and situations as stressors and 
to the individnafs reaction as a stress response* The word v/rcv.vwill refer lo tlie gen¬ 
eral pn»cess (as in tlie title to this section). 

The physiological resptmses that accompany the negative emotions prejiare ns 
lo threaien rivals or fight tfiem or io run a wav from dangerous situations. Waller 
Clannon introduced tlie phrase fight-or-flight response lo reier to the physiological 
reactiiHis that prepare ns for the siremuius el forts requii’ed bv fighting or running 
awav. Normally, i)nre we have blnlltHl or fdngln with an adversary or run a wav from 
a dangerous situation, the tlneat is over and onr ])hysiological condition can return 
to normal, fhe fact that the piiysiological responses mav have adverse long-term el- 
lecis on our heahli is niumpoi taut as long as the responses are brief Bin sometimes, 
the threatening situations are continuous rallier ilian episodic, pn>ducing a more or 
less continuous stress responst\ 
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Stress Disorders ^ 


Physiology of the Stress Response 

As we saw in (iliapler If), e mol ions coiisisl t>I behavioral, aulooomic, and endocrine 
responses. Tlie laiier hvo coinponciHs, the aiuonomic and endocrine res[)onses, are 
die ones ihai can liave adverse elTects on liealth. (Well, i ^uess the behavicnal coin- 
poEienis can loo, il a [person rashlv gets into a figlit witli someone who is inucli big¬ 
ger and stronger.) liecause dn eatetiing siiuaiions generalK call for vigorous activity, 
the autonomic anrl endoc rine responses dial accompany diem are catabolic; dial is, 
they help in mobili/e the body’s energy' resources. Yhv sympathetic branch of the au- 
lotiomit nervous svstein is active, and the adrenal glands secrete epinephrine, nor¬ 
epinephrine, and steroid stress hormones. Because the elTects ofsynipailietic aciivitv 
are siniilai to diosc of the adrenal lionnones, I will Umit my discussion to die lior- 
monal responses, 

Kpinejihrine alTects glucose inetabolisni, causing die nuirienis siored in muscles 
to become available lo provide eiiergv for siren nous exercise. Along with norepi¬ 
nephrine, the hormone also increases blood lloiv to the muscles bv increasing the 
nut]>ui of die heart. In doing so, it al.so increases blood pressm e, which, over die 
long ter[ 11 , coniribines u> cardiovascular disease. 

Besides serving as a stress htvrnione, norepinephrine is (as you know) secreted iti 
the brain as a neurfilransmilter. Some of the behavioral and physiological responses 
produced bv aversive sninuli a[>pear to be mediated by noradrenergic neurons. For 
example, microdtalysis studies liaie Iduiid that stressful siiuaiions increase die release 
of tiorepinephrine in die hypothalamus, Irontal cortex, and lateral liasal ibiebrain 
(Vokoo el al. 1990; Cenci ei ak, 1992). Presumably, the release of iiorepinephriiie in 
die brain is produced by a pathway from the central nucTcms ol’iiie amygdala to die 
norepinephrine-secreting regions of the brain stem (Van Bocksiaele ei al, 2001). 

The other stress-related liormone is cortisol, a steroid secreted bv the adrenal cor- 
lex. (loiiisol is called a glucocorticoid because ii has profound effects on glucose me- 
labolism. In addition, ghtcocorticoids help to break down protein and convert il to 
glucose, help lo make fals a%aiiable for energ\, increase 
blood (lt>w, and stimulate beliavioral responsiveness, pre¬ 
sumably by affecting the brain. Tliey decrease the sensitiviiy 
of the gonads to luteinizing hormone, wliicli suppresses die 
secretion of the sex steroid lionnones. In fact. Singer and 
Zumoff {1992) found that the bkaid level of iesiosLerone in 


glucocorticoid One of a group of 
hormones of the adrenal cortex 
that are important in protein and 
carbohydrate metabolism, se¬ 
creted especially in times of stress 

CO rtkotro pin-re leasing hor¬ 
mone (CRH) A hypothalamic hor¬ 
mone that stimulates the anterior 
pituitary gland lo secrete ACTH 
(adrenocofticoTropic hormone). 

adrenocortkotropk hormone 
(ACTH) A hormone released by 
the anterior pituitary gland in 
response to CRH; sltmulales 
the adrenal cortex to produce 
glucocorticoids. 


Figure 16.3 


Control of the secretion of glucocortkolds by the adrenal cortex 
and of catecholamines by the adrenal medulla. 


male hospital residents (dociui s, not paiicnt.s) was severely 
de]:)ressed, pre.simiably beeause ofThe stressful work sched¬ 
ule thev were obliged lo folloiv. (ilucocoriicoids have other 
physiological eff ects, too, some of which are only poorly un¬ 
derstood, Almost every cell in tlic liody contains glucocorii- 
coid receptors, which means that few ol them are unaf fected 
by these lioi niones. 

The secretion rd glucocorticoids is controlled by neu¬ 
rons in the jiaraventricular tiucieus of the hypothalamus 
(P\nV), The neurons of the PVN secrete a peptide called 
corticotropin-releasing hormone (CRH), which sdniulaies 
the anterior pituitary gland to secrete adrenocorticotropic 
hormone (ACTH). ACTH enters the general circuiadtm 
and stimulates the adrenal cortex lo secrete glucocorti¬ 
coids. (See Figure 16,3,} 


CRH is also secreted wiiliiii the brain, where it serves as 
a neuromodulanyr/neurotratismiUer, esj^ecially in regions 


of the limbic system tliai are involved in emotional re¬ 


sponses, siicli as the periaqueductal gray ntatler, the locus 
coerulcus, and liie central nucleus ol the amygdala. The 
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f>eliavi(>ral effects piuclucfd bv an injection of C^RH into the brain are similar tx) 
tltose prorluceti by aversive situatiinis; tluis, some elenienis of the stress response a[> 
pear to be produced by llie release of CIRH by neurons in Lite brain. For example, 
itiiracerebroventricular iEijectiun of C'RH decreases the amount ol’time a rat spends 
in the center of a large open cliamber (Britton et aL, 1V^82), eiiliances the actjihsh 
tion of a classically conditioned fear response (Oole and Koob. 19H8), and increases 
the startle response elicited by a sudden h>nd noise (Swerdlow el ah, On the 

other iiainh inlracerebroventricular injeciion of a ("RH antagonist the anxi¬ 

ety caused by a variety of stressiul situations (Kalin, Sherman, and Takahashi, 1988: 
Heinrichs et al., 1994: Sktuella el al., 1994). 

The secjetion of glucocorticoids does more than helj> an animal react to a stress- 
fill simation: It hel]>s the animal to survive. If a l at's adrenal glands are removech the 
rat becomes mucit tnore susceptible to the elfects of siress. In fact, a siressfiil situa¬ 
tion that a normal rat woidd take in its snixie might kill one whose adrenal glaruls 
have been removed. And physicians kittiw that if an adrenalectomi/ed hnman issnlv 
Jected to stressors, he or she niusi be given additional amoimts of glucocoi ticoid 
(Tvrell and Baxter, 1981). 


Figure 16.4 


afso aie more fikeJv 


Incidence of hypertension in various age groups of air traffic 
controllers at high-stress and low-stress airports. 
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Health Effects of Long-Term Stress 

Many studies of humans who have been subjected to stressf ul situations have found 
evidence of ill health. For example, survivors i>f‘concentration camjjs, who were ol>- 
viously subjected to long-term stress, have generally pt>orei‘ health latei‘ in life than 
other people of the same age ((aihen, 1938). Drivers of subway trains that injure or 
kill people are more likely to suffer from illnesses several months later (Theoi ell et 
al., 1992). Air traf fic controllers, especially those who work at busy airports where the 
danger of collisions is greatest, show a greater incidence (jf high blooxl pressure, 
which gets worse as they grow older (Cltihb and Rose, 1973). (See Figure 16A.} 'I'hey 

to stdfer from ulcers or diabetes, 

A pioneer in the study of stress, Hans Selye, suggested that 
most old he harmful effects of stress w^-re pnifluced by the pro¬ 
longed secretion of glticocoriicoids (Selye, 1976), Althougli the 
short-tei in c'ffecis ol glueocorticoid.s iirv essential, the long-term 
effects are damaging. These effects include increased hlotid 
pressure, damage \o muscle tissue, steroid diabetes, inlei tilitv, 
inliibition oi growth, inhibition ol the itillammatory responses, 
and suppression of the immune system. High blood pressure 
can lead to heart attacks anti stroke. Inhibition of growth in clnl- 
dren wht) are subjected to prolonged stress prevents them from 
attaining their full height. Inhibition of the inllainmatory re¬ 
sponse makes it more difflctilt for the body to heal itself after an 
injury, and sup[>ression of the immune system makes an indi¬ 
vidual vulnerable to infections. Long-term admiiiisiration of 
steroids to treat inflammatory diseases often prodtices cognitive 
tleficits and can eveit lead to slnvid f)syHiosi.s, whose symptoms in¬ 
clude proftinnd distractibility, anxiety, insomnia, depression, 
hallucinations, and delusions (Lewis and Smith, 1983). 

The adverse effects of stress on healing were demon¬ 
strated in a study by Kiecoli-Glaser et al. (199.3), who per¬ 
formed punch biopsy wounds in the sn]>jects’ forearms, a 
harmless pi'ocednre tfiai is used often in medical research. 
The stdijecis w^-re people who were providing long-term care 
for relatives w'ith Al/heimer’s disease—a situation tltat is 
known to cause stress—and control subjects of the same a|> 
[jroximatc age and family income. The investigators found 
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iliaL licaiingrjfihe wounds tfrok signiflcanily Ituiger in the 
caregK'ers (^8*7 davs versus 39.flays). (See Figiire 16.5,) 

Sapf)lsky and Im eolleagues have invesugaiefl one 
ratlier serious kuig-ienn elTect oi stress: brain damage. As 
von learned in C'liapter 12. the liippoeanipal fnnnation 
plavsa cnieial role in learning and memory, and evidence 
suggests that one oftlie causes ol inemorv loss ihat occurs 
wiili aging is degeneration of this brain structure. Research 
witli animals has shown that long-ienn exposure to gluco^ 
coriicoids destroys neunms located in Oelfi CA\ of the 

y 

hippocampal formation. Hie hormone appears to flestroy 
the neurons by decreasing the entry of glucose and de¬ 
creasing the rcuptake of glutamate (Sapfjlsky. 1992, 199i>; 
MeEwen and Sapolsky, 1995). Both of these effects make 
neurons more susceptible to potentially harmful events, 
such as decreased blood How, which often occurs as a result 
f)f the aging process. The increased amounts of exiracelliu 
lar glutamate permit calcium to enter through NMDA re- 
cepiors. (VVni will recall iliat the entry of excessive amounts 
ofcalciitm can kill neurons.) Perhaps, then, tlte stressors to 
which people are subjected throughout their lives increase 
the likelihood of memory problems as ihev grow older. In 
fact, Lupien et aL (199b) found that elderly people with el¬ 
evated blood levels of glucocorticoids learnetl a maze mt>re 
slowly tlian did those with normal levels. 

Even acute exposure to stress can have adver.se effects 
on m>rrnal brain functioning, Diamond and his col¬ 
leagues (Diamond el ak, 1999: Mesciies et ak. 1999) 
placed rats individually in a Plexiglas box and I lien placed 
the box in a cage with a cat for 75 minutes, Allhougli the 
cal could not harm tlie rats, the cat’s presence (and odor) 
clearly alarmed tlie mis and elicited a stress response; the 
stressed rats’ blofxl glucocorticoid increased to approxi¬ 
mately f'ne times its normal level. The investigators found 
that this short-term stress affected the functioning of the 
animals’ lilppocampus. The stressed rats’ abilin’ to learn 
a sjjaiial task (which requires the hipptvcampus) was im¬ 
paired, and j^rimed-burst potentiation (a form of long¬ 
term potentiation) was impaired in hippocampal slices 
taken from stressed rats. (See Figure 16.6.) 

Uno el ak (1989) found that if long-iei m stress is in¬ 
tense ent>ug!i, it can even cause brain damage in yrmng 
primates. The investigators studied a colony of vervei 
monkeys housed In a primate center in Kenya. They 
f ound I hat some monkeys died, apparemly from stress. 
\ervei monkeys have a hierarchical society, and monkeys 
near die bottom of the hierarcliy are picked <jn bv the 
others; iluis, they are almt>sl eoiuirnionsly subjected to 
stress. (Ours is not tlie only species with social sLriiclnres 
that cause a suess reaction in some t>f its rnember.s.) The 
deceased monkeys had gasidc ulcer.s and enlargetl 
adrenal glands, wliicli are signs of ehnniic stress. .And as 
Figure 16.7 shows, neurons in the C’Al Held oi the hip- 
pocam[>al formation were completely destroyed. (See Fig¬ 
ure 16.7.) Severe stress appears to cause l>min damage in 


Figure 16.5 

Percentage of caregivers and control subjects whose wounds had 
healed as a function of time after the biopsy was performed. 
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Figure 16.6 

Effects of acute stress caused by exposing a rat to the sight and 
smell of a cat. The stress raised the glucocorticoid level 
(corticosterone, in the case of a rat), impaired the development of 
primed-burst potentiation (a form of long-term potentiation) in 
slices taken from these animats, and interfered with learning of a 
spatial task that requires the hippocampus. 
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Figure 16.7 

Photomicrographs showing brain damage caused by stress, (a) Section through the hippocampus of 
a normal monkey, (b) Section through the hippocampus of a monkey of low social status subjeaed 
to stress. Compare the regions between the arrowheads, which are normally filled with large 
pyramidal cells. 



<a) (b) 


From Uno, H ., Tarara, R.. Else, J. G., Suleman, M A., and Sapolsky, R. M. Journal of Neuroscience, 1989, 9, 
1706“1711. Reprinted by permission of the Journal of Neuroscience. Copyright 1989 by the Society for 
Neuroscience. 


Figure 16.8 


Effects of prenatal stress and glucocorticoid level on the 
stress response of adult rats. Adrenalectomy of the 
mother before she was subjected to stress prevented the 
development of an elevated stress response in the 
offspring during adulthood. 
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humans as well; Jt*iiscn, fjcnefke, and Hyldehrandt (1982) found evidence of brain 
degeneration in CT scans ofpeoj^le who had been subjected to un iure. 

As we saw in (Ihapier 10, prenatal stress tends to inhibit andi ogenizatiun of die 
fetuses. That is, when a pregnant female is exposed to sires.sors, die behavior and 
brain structure of her tnale offspring appear less masculinized and defemiiiized than 
those of control animals. Prenatal stress also appears Ui piXKluee long-ienn effects 

on animals' stress reacdons. At least some of die effects of pre¬ 
natal stress on the fetus appear to be mediated by the secretion 
of glucocorticoids, Barba/anges el ai. (1990) subjected pregnant 
female rats to stress and later observed the effects of tins treat¬ 
ment on their offspring ojice they grew^ up, Tliey found that the 
prenatally stressed rats shtmed a prolonged secretion of gluco¬ 
corticoids wlien they were subjected to restraint stress. However, 
ifdhe iinithers' adrenal glands had been removed so that gluco¬ 
corticoid levels could not increase during the stressful situation, 
their offspring reacted normally in adulthood, (The experi- 
ine tilers gave ihe adrenalectomized mol hers control led 
amounts of glucocoi ticoids to maintain them in good health.) 
(See Figure 16,8.) 

Posttraumatic Stress Disorder 

The altertnath of tragic aiui ti aninalic events ,such as lliose that 
accompany w ars and nauiral disasters often includes psycholog¬ 
ical svni[>£oiiis that persist long after the stressful events are oven 
According to the 1>SM l\\ posttraumatic stress disorder (PTSD) 
is caused by a situation in whicli a person “experienced, wit¬ 
nessed, or was corih’onied witfi an event or events that inv4>lvefl 
actual or threatened death or serious injury, or a threat to the 
pfiysical integrityof sellOi'otliers" tliat provoked a response that 
'’involved intense feai, helplessness, or horror.*’ The .svniptoms 
produced by such exposure include recurrent dreams or l ecol- 
leeiions of the event, feelings that the traumatic event is recur¬ 
ring (“flashback'* t'pisodes), and intense psychological distress. 
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Tliese dreruns, rt'r(dle< iit>iis, or HaslifKK'k ejDisodcs can lead ilic person lo avoid 
ihinkingaboni die iraninauc event, wliirli otieti residts in diminished interest in sr>- 
cial activities, feelini^s oi detachment from others, suppiessed emolioiial feelings, 
aiul a sense that the lutiire Is bleak and empty. Paitictdar jjsyclKilo^ical sympuiins in- 
ciude diiiknltv laliiii^ or slaving asleeji, irrilabilitv, outbursts of anger, rJifficultv in 
ctHuenlrating, and heiglilenerl reactions to sudden noises or movements. As this 
descrijiiion indicates, people wiili PTSD liave impaired menial health I tine tinning, 
Tlievalso tend to liave generallv ]M>or physical health (Zayferi et al., 2()d2). Altfiongli 
men aie exposed iu traumatic e\ents more often than women ate, wotnen are a[> 
proximately four times more likely to deveh^p PTSl) aflei^ f>eing exposed to sncli 
evetits (Fullerton et ah, l?fK)l), 

Posttraumalic stress tltsorfler can strike people at anvage. Cdiildren may show 
pat ticnlar symptoms tliat are not iisually seen in afhdihocKL such as loss oifecetulv 
acquired language skills or toilet training, anrl somatic complaints such as stom¬ 
achaches and headaches. Usually, the symptoms hegiti innnediately alter the trau¬ 
matic event, hm thev are sometimes delayed (or several motilhs or years, 

^ ■ I 

Fvideuce from twin studies suggest that genetic laciors plav a role in a persoiTs 
siisceptibiliiy to develop Pd'SI), In lact, genetic factors inihiente not only tlie likeli¬ 
hood of developing PTSD after being exposed lo iraiimalic events, but also the like- 
MIkkkI tfial the person will be involved in sucli an event (Stein et al., 2fKPi), For 
example, peojile witli a genetic predisposition toward irr itabiliiy and atiger are more 
likely lo he* assaulted, and those witli a predisposition toward t isky behavior are mot e 
likely to he involved in accidents. In a review (>(dlie X'ieinam Kra Twiti Registry, Koe- 
nen el ak (2(K)2) rejiorted that the following flemfjgraphic and per.sfjiialiiy factois 
predict an increased risk for being ex]it>sed to traumatic events: military service in 
Southeast Asia rim ing the \letnam war, a ])t‘eexisting cotiduct disorder or substance 
dependence, and a lamily history of mood rlisorders. The following factors predict 
the risk (tldevehtping PTSD alter exposure: earlier age at the time i>f the traumatic 
event, exposure to more ilian one iraumatic event, a fa¬ 
ther witli a depressive disorder, a low educatitmal level, 
and a preexisting conduct disorder, panic disorrler, geii- 
erali/ed anxietv disorder, or depressive di.sorder. 

As we saw earlier in this cliajner, [)rolotiged exposure 
to stress can cause brain damage, pariicularly in the hij> 
pocanifius. At least two MRl studies have found evidence 
of liijjptK’ampal damage in veterans with comhai-relaied 
posltramiialic stress disorder (Bremner et ai., 1995: 

Chtrvils el al,, 199(>). In the siudv hx (inrvits et ak the V(jI- 
utne of the hi[j[K)campal formation was reduced by over 
20 percent, and ilie loss was proportional lt> tlie amount 
ol cotnhal exposure the veteran had experienced. Other 
studies have found similar effects In adult patients with 
postu aumatic sti css tlisordcr who had been subjected to 
severe childhood abuse (Br<‘mner, 1999), 

Although many investigators have assumed that tlie 
reduction in hippocampal volume in posttraumalic stress 
distncler is caused hv liypersecretion of cortisol, e\'idence 
indicates that peojile with TI'SD actually have levels 
ol cortisol, and evifierice suggests that ii aiima victims who 
flevelop PI S!) show smaller increases in cortisol secretion 
at the time of the trauma. Resnirk t‘i ak (1995) anaiyzefl 
hlooti samples from female ra[)e victims that were ol>- 
tained in the emergenev ixioni soon alter the rape* Thev 
found tliai wimien wlio hatl been previously assaulted 
liafl the highest likeliliood ofAleveloping PTSD—and the 


I posttraumalic stress disorder 
(PTSD) A psychological disorder 
caused by exposure to a situation 
of extreme danger and stress: 
symptoms inefude recurrent 
dreams or recollections; can inter¬ 
fere with social activities and 
cause a feeling of hopelessness. 



For many American veterans of the Vietnam war, this memorial 
symbolizes the grief they feel from the loss of their comrades and 
the horrors experienced during conflict. The experience of wars 
and other disasters can produce posttraumatlc stress disorder in 
some participants. 
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Figure 16.9 

Concentrations of CRH in the cerebrospinal fluid of normal 
subjects and subjects with PTSD. 



Adapted from Baker, D G., West, S A., Nicholson, W E., Ekhator, 

N N., Kasckow, J. W., Hill, K. K., Bruce, A. B,, Orth, D, N., artd 
Geraooti, T D. Amencan Journal of Psychiatry, 1999, 585^588, 


lowest levels of cortisol. McFarltiue, Atchison, aiui Yehuda 
(1997) Idiiiid similar efiects in pettple involved in motor ve¬ 
hicle accidents. 

Whv sliould people wlu) Inne beeit exposed to uan- 
jnatic events .show c/errm.Wcortisol secretion when they art‘ 
e\j:)osed to stressful situations? Yehuda (2001) suggests that 
exposure tt> severe stress increases the nuniher and sensiiiv- 
itv of glucocorticoid rece[>tors in the hypothalamus and an- 
lerioi- pituitary gland. These recejiiors regulate cortisol 
secretion: If cortisol levels rise, stimulation td' these recef)- 
tors inhihits the secretion tjf Af l FH. However, other factors 
(perhaps including the anwgdala) continue to stimulate the 
release oft ?RH. Baker el al. (1999) placed a catheter in the 
subaiachnoid space of the luinhar spine ol ctJiitbat veterans 
with PTSI) and normal volunteers and witlidrcw samples of 
cerebrospinal llthd over a six-ht)ur jieriocL They found sig“ 
nil lean tly elevated CRH levels in the men witl) P ISl), H*>w- 
ever, ihe levels (jf cortisol were not elevated; in iaci, the 
patients w ith the lowest conisol levels ftad the highest levels 
of P rsn symptoms. As we saw eai lier in this chapter, CRH 
has anxietv-producing elTects on the brain. Thus, higli lev¬ 
els of CRIl, rather than high levels of ct>riisol, may [>lay a 
rtde in the tlevelopment of the symptoms of Pd’SD, (See Fig¬ 
ures 16.9 and 16.10.) 


The Coping Response 


Figure 16.10 


A hypothetical explanation by Yehuda (2001) of the pattern of 
cortisol secretion in response to stress seen in patients with PTSD. 
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As we have seen, many tjf the hartuful ef fects of lotig-terin 
stress are caused by our own reactions—primarily the se¬ 
cretion of stress hormones. Some events that cause stress re¬ 
sponses, siicli as prolonged exertion (H' extreme cold, cause 
damage directly. These stressors will afleci everyone; their 
severity will depend on eacli person's pliysical capacity. I he 
efiects ol other stressors, sncl^ as situations that cattse fear or 
anxiety, depend on people's perceptions and emotltmal re- 
activity. That is, i>ecause of indivithial differences in leni- 
[>erameni or experience with a [>articular situation, some 
people may find a situation stressful and others may not. In 
these cases it is the perceptthat counts. 

One of tlie most important vai iables that tleiermines 
wliediei an aversive stimulus will cause a stress reaction is 
ibe degree to which the siluatitm can be controlled. V^'hen 
an animal can learn a coping response—a response that 
avoids contact with an aversive stimulus or decreases its 
severity, the animars emotional response w'ill decrease or 
even disappear. Weiss (19b8) found that rats who learned to 
minimi/e (but not completely avoid) shocks by making a re¬ 
sponse wivenevei they heard a warning tone developed 
fewer stomach ulcci s than did rats wlio hafl no control over 
the shocks. The effect was not causeti f>y the pain itself, be¬ 
cause hoiii groups of animals received exactly the same numl:)er ol shocks. d'lius, be¬ 
ing able to exeri some control over an aversive situation reduces an animal's stress 
response. Huntans react similarly. Si mat it his iliat permit some ctmlrol are less likeiy 
to produce signs of stress than are those in w hich other people (or machines) con¬ 
trol the situation (Gaichel, Baum, and Kram/, 1989). Perhaps this phettomenon ex- 


Feedback from cortisol 
secretion inhibits ACTH 
secretion by stimulating 
glucocorticoid receptors 
in the anterior pituitary gland. 
Sensitization of these receptors 
in patients with PTSD decreases 
the secretion of cortisol in times 
ot stress. 

Adrenal cortex 
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[>la[jis whv some people like lo have a ma^ic eliai’m or (Oilier ^'security blanket' with 
lliem in stressl’ii) situations. Perliajjs even the /fItisioN of control can be rc‘assiirin^. 

Koy et al. (1987) hutnd that restraint stress or tail sliock itn]>airecl the establish- 
nieiu oT long-term potentiation in ihppt>cain|)al slices taken fnnn the stressed anh 
mals. A subsequeru study from tlte sante laboraU>ry (Shors ei al., 1989) Ibiind that 
this elleet did not occur il the rats were given a chance lo escajje IVoiii the sliock. 
(The stiuly used a vt)ked control gioU[> so lliat rats that could escape the shock rc- 
ceivecl jnsi as many as those that coiikl not.) Thus, the <i[>portnnity lo make a co\y- 
ing response decieases the negative impact of stress on the bi]3pocain[Jus. Thi‘ 
neural or hormonal mechanisms that are resjionsible for the beneficial effects of 
coping responses are nt>t vci mulerstood. 


Stress and Infectious Diseases 

As wc have seen, iong-lenn stress can he liannfiil lo one's health and can even resnh 
in brain damage. The most inipoi tain cause ofihese eflecis is ekwated levels of glu¬ 
cocorticoids, bill the bigh blood pressure caused bv epinephrint' and nore[>ine]3h- 
rine also plavs a contrihuling role. In addition, die stress response can im|>air the 
functions t>fdhe inimutie system, whicli protects us from assault from viruses, mi¬ 
crobes, huigi, ami other types of parasites. 

1 lie imnuine system is one of the most etnnplex systems of the biKlv. Its tunction 
is to protect us tiom infection; and because infectious organisms have developed de¬ 
vious tricks through the process oi evolution, our immune system has evolved <levious 
tricks of its own. The immune system derives from white blood cells that develop in 
the bone marrow and in the thvmus gland. Some of the cells roam throngli the blood 
or lymphatic s%siem; others reside permanently in one place. Infectious microorgan¬ 
isms lune nnitjue [>r(aeins on their surfaces, called atiUgens* Ihese proteins serve as 
ilie invaders' calling cards* idetuifving theiii to the iiiiniime systeiiL Through exposure 
to the micix^orgaiiisms, the immune system learns to recognize iliese [^roieins. (1 will 
not try to explain the mechanism by which this learning takes place.) The l esnli of this 
learning is the development of special lines of cells that produce specific antibodies— 
proteins that recognize antigens and help to kill the invading microorganism. 

Often wlien a married per.son dies, his or her spouse dit's stJon afterward, fre- 
qiiendy of an infecdon. In fact, a wide variety of stress-producing events in a person's 
life can increase the susceptibility io illness. For example* Glaser el al. (1987) found 
that medical students were more likelv to contract acute infections and to show evi¬ 
dence of sU[>[3ression of the immune system during the time iliai final examina¬ 
tions were given, in addition, autoimmune di.scMses often get worse when a [person 
is subjeclefl to stress, as Feigenbaum, Masi, and Kiiplan (1979) found for rhenmaioid 
arthritis. 

Sume, Reed, and Neale (1987) attempted to deternutu’' whether stressful events 
in pecq^le'sflaily lives might predispose tlumi tt> u]3per respinitory infection. If a per¬ 
son is ex[)osetl to a microorganism that might cause such a disease, the symptoms 
do not occur lor several days: that is, there is an iucuhadon period between expo¬ 
sure and signs of the actual illness. Thus, dieautlHn s l easotH'd that ifsiressJul events 
suppressed tlie immune system, one niiglu expect to see a higher likelihood of res- 
piraiory iideetions several days alter such stress. To lest their hypothesis, they asked 
volunteers to kee]3 a daily recoi'd oldesirable anti undesiraf>le events in iheir lives 
over a twelve-week period. The volunteers also ke[3t a tlaily record of any discomfort 
or symptoms of illness, 

rite results were as predicted: During tlie three-io-five-day period just before 
showing symptoms of an upper respiratory infection, people experieiueti an in¬ 
creased number of uiidesirable events and a decreased nuinbei of desiralile events In 
their lives. (See Fi^ire 16JL) Stone et al. (1987) suggest iliat the effect is caused by 
tlecreased production of a particular hpe ol’antibody lliat is present in the secretions 


% 


coping response A response 
through which an organism can 
avoid, escape from, or minimize 
an averstve stimulus; reduces the 
stressful effects of an aversive 
stimulus. 

antigen A protein present on a 
microorganism that permits the 
immune system to recognize the 
microorganism as an invader 

antibody A protein produced by 
a cell of the immune system that 
recognizes antigens present on in- 
vadtng microorganisms. 
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Figure 16.11 


Mean percentage change in frequency of undesirable 
and desirable events during the ten-day period 
preceding the onset of symptoms of upper respiratory 
infections. 
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Based on data from Stone, A A., Reed, B. R., and Neale, J. M. 
Journal of Human Stress, 1987, 13, 70-74. 


Figure 16.12 


Percent of subjects vvith colds as a function of an index of 
psychological stress- 
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ofiiiiicoiis iiKniibraiU's. ijicliitlini^ tliost m the iK)sc% mouth, 
ihnnit, and Imigs. J lijs amibody, IgA, .serves as tbc fu st de¬ 
fense afraijist iiilectious microorj^ainsms lliat enter the nose 
or moutli. T hey jtnmd that IgA ts as,st>eiated willi mood; when 
a siiliject is im[)ap[>y or (iepressed, IgA levels are lower tliaii 
normal. I he results sujr^est that llic stress catised bv nnde- 
si Table events may, by su[>pressing the production oflgA* lead 
to a rise in the likelihood olHpper respiratory infections. 

The rest ills oft he study by Slmie and his colleagues were 
confirmed l>y an experiment by C'ohcn, Tyrrell, and Sniitli 
( 1991 ). rile investigaloi s fomul that subjects who were ^i\en 
nasal drops containing cold viruses were much nnire likely 
io develop colds if they l epoi ted stressfid experiences dur¬ 
ing the past year and if ihey said they fell threatened, om 
control, or overwhelmed by events. (.See Figure 16A2A 

WTiat is the [>fiysioiogical explanation for tlie effects of 
stress on |>eo[>le's susceptihiliiy to infectious diseases? Ih’olv 
ably the most important cause is tliat stress increases the se¬ 
cretion of glucocorticoids, and as we saw, these hormones 
diredly suppress ilie activity oftlie immmie system (Keller et 
al., 19H3). Because the secretion of glucoccHlicnids is c<m- 
irolied hv tiie brain (ibnmgh its secretion oi (-RH ), the i>rain 
is obviously resjxmsible lor the suppressing elTect oi these 
hormones on the immune system. Neurons iti ilie central 
nucleus of lhe amygdala send axons to (IRH-secicling neu¬ 
rons in the paraventricular nucleus of llie hypoihalanms; 
ibu.s, we can reasonal>iy expect that the mechanism that is re¬ 
sponsible for negative emotional responses is also responsi¬ 
ble for tlie stress response and the immnnosnppressjoti ihai 
accompanies n. Several stmlies have showai that stress in¬ 
creases the acdviiy ui neurons in brain regions that liave 
been shown to play a role in emotional responses, including 
the central nudetts (if the amygdala and the paraventricular 
nucleus (Sharp et al., 1991; Imaki et al., 1992). 


INTERIM SUMMARY 


Adapted from Cohen, S., Tyrrell, D. A. J., and Smith, A. P. New England 
Journa! of Medicine, 1991, 325, 606-612, 


Stress Disorders 

People's emotional reactions to aversive stimuli can harm their 
health. The stress response, which Cannon called the fight-or-flight 
response, is useful as a short-term response to threatening stimuli 
but IS harmful in the long term. This response includes increased ac¬ 
tivity of the sympathetic branch of the autonomic nervous system 
and increased secretion of hormones by the adrenal gland: epi¬ 
nephrine, norepinephrine, and glucocorticoids. Corticotropin-re¬ 
leasing hormone, which stimulates the secretion of ACTH by the 
anterior pituitary gland, is also secreted in the brain, where it elic¬ 
its some of the emotional responses to stressful situations. 

Although increased levels of epinephrine and norepinephrine 
can raise blood pressure, most of the harm to health comes from 
glucocorticoids. Prolonged exposure to high levels of these hor¬ 
mones can increase blood pressure, damage muscle tissue, lead to infertility, inhibit growth, 
inhibit the inflammatory response, and suppress the immune system. It can also damage the 
hippocampus. Acute stress can also impair hippocampal functioning. At least some of these 
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effects involve the amygdala; lesions of this structure reduce the effects of short-term stress. 
Prenatal exposure to excessive levels of giucocorttcoids (caused by maternal stress) causes de¬ 
velopmental changes that appear to predispose animals to react more to stressful situations. 

Exposure to extreme stress can also have long-lasting effects; it can lead to the devel¬ 
opment of posttraumatic stress disorder. This disorder, to which women appear to be more 
susceptible than men, Is associated with memory deficits, poorer health, and a decrease in 
the size of the hippocampus. Twin studies indicate a hereditary component to susceptibility 
to PTSD, Functional imaging studies have found an increase in the activity of the prefrontal 
cortex and amygdala when patients think about the situations that led to their disorder Peo¬ 
ple with PTSD generally show a smaller cortisol response to a traumatic experience; however, 
they secrete large amounts of CRH. This pattern of secretion suggests that glucocorticoid re¬ 
ceptors In the hypothalamus and anterior pituitary that inhibit ACTH secretion have become 
hypersensitive. 

Because the harm of most forms of stress comes from our own response to it, individ¬ 
ual differences in personality variables can alter the effects of stressful situations. Another 
important variable is the ability to perform a coping response; being able to do so consid¬ 
erably reduces the aversive effects of stressful situations. 

The immune system consists of white blood cells that develop in the bone marrow or 
the thymus gland. They produce antibodies that recognize antigens—unique proteins pre¬ 
sent on the surface of Infectious microorganisms. Recognition of these antigens triggers an 
attack against the invaders. 

A wide variety of stressful situations have been shown to increase people's susceptibil¬ 
ity to infectious diseases. The most important mechanism by which stress impairs immune 
function is the increased blood levels of glucocorticoids. In addition, the neural input to the 
bone marrow, lymph nodes, and thymus gland may also play a role. 

THOUGHT QUESTION 

Researchers are puzzled by the fact that glucocorticoids suppress the immune system. 
Can you think of any potential benefits that come from the fact that our immune system 
is suppressed during times of danger and stress? 


i 
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Drug addiction poses a serious pi obleiu lo our species. Ck>nsider the disastrous cf- 
iects caused by the abtise of one of our oldest drugs, alcohol: automobile accidents, 
fetal alcohol syndrome, cirrhosis of the liver, Korsakoff's syndrome, increased rate 
of heart disease, and Increased rate of inti acerebral hemorrhage. Smoking (addic¬ 
tion to nicotine) greatly increases the chances of dying of lung cancer, heart attack, 
and stroke; and women who smoke give birth to smaller, le.ss healthy babies. ('.ocaine 
adfliction can cause psychotic heliavior, brain damage, and death from overdose; 
use of cocaine by pregnant women can result in the binb of babies with brain dam¬ 
age and consequeni psychological probleins; and competition for lucrative markets 
lerrojT/.es iieigliborhoods, subverts political and judicial systems, and causes many 
tleaths. The use n\ "^designer drugs'^ exposes users to unknown dangers ofTimestetl 
and often con laminated products, as several people discovered when they acquired 
ParkinsoiTs disease after taking a synibetic opiaie tainiefl with a neurotoxin, .\ddicis 
wlio lake their drugs iuiravenouslv run a serious risk of contracting AIDS. Wlial 
makes ilu'se drugs so attractive to so many people? 

The answer is that all ol these substances siimulate brain mechanisms that are 
responsible for pt>sitive reinlbicemeni. In addition, some ol’them rechice or elimi¬ 
nate unpleasant feelings, some of which are produced by the drugs themselves. The 
immediate conse([uences of these drugs are more powerful than the realization that 
in the long term, bad things will happen. 




CHAPTER 16 : Autistic, ADHD, Stress, and Substance Abuse Disorders 


www.ablon9man.cc1m/caHson6e 


tolerance The fact that increas¬ 
ingly large doses of drugs must be 
taken to achieve a particular ef¬ 
fect; caused by compensatory 
mechanisms that oppose the ef¬ 
fect of the drug. 

withdrawal symptoms The ap¬ 
pearance of symptoms opposite to 
those produced by a drug when 
the drug is suddenly no longer 
taken; caused by the presence of 
compensatory mechanisms. 


What Is Addiction? 

Tlie itn ni afldufton clfrivti^s from tlic Liiliii worci ndffireiy, "to sentence.” StJineone 
\vln> is acldictecl to a clrug is, in a way, sentenced u> a term ot jnvolinuaj y servitude, 
being ol;)Uged \o ftilfiil the demands of liis or iier drug dependency. 

A Little Background 

Long ago, people discovered tliai many subslatKe.s found in nature—primarily, 
leaves, seeds, and roots plants bttt also some animal products—^had medicinal 
cjnalilies. They discovered herbs that helped to prevent infectiotis, iliai promoted 
healing, that calmed an upset stomach, that l ednced pain, or that lielped to provide 
a night's sleep. They also disc ewe red '‘recreational drugs"—drugs that produced 
pleasurable ef fects when eaten, drunk, or smoked. The most universal recreational 
drug, and perhaps die first one that onr ancestors discovered, is ethyl alcohol. Yeast 
.spores arc present evervvvhere, and these microorgaiiisnis can feed on sugar solu- 
lioiis and produce alcohol as a by-product. Uiidotibledly, people in many different 
parts of the world discovered the pleastirable effects of drinking liquids that had 
been left alone for a while, such as the juice tliat liad accumnlaied in the bottom of 
a container of fruit, 'fhe juice may have become sour and had-tasting because of the 
action tif bacteria, but the effects of tlie alcoliol encouraged people to experiment, 
whicli led to the developnieni of a wide variety of fermented beverages. 

Our ancestors also discovered other recreational dritgs. Sotne of llieni were con¬ 
sumed only locally; others became so popular that their cultivation as commercial 
crops spread throughout the world. For example, Asians discovered the effects of the 
sap of the opium poppy and the beverage made from the leaves of the lea plant. East 
Indians discovered the effects of tlie smoke of cannabis. South Americans discovered 
the ef f ects of chewing coca leaves and making a drink from coffee beans, and Xorili 
/Xmericans discovered the eflects of the smoke of the tobacco plant. Many of ibe drugs 
they disctivered served to proleei the plants from animals (primarily insects) that ale 
them, .Althougli the drugs were tt>xic in sufficient quanUtie.s, our ancestors learned 
how to lake these drugs in quantities that woukl not make them ill—at least, not right 
away* The effects of these drugs on their brains kept them coming back for more. 

Table 16.1 lisLs the most important addictive drugs and indicates their sites of action. 


Physical Versus Psychological Addiction 

Some drugs liave very potent reinforcing eifeets, wliicli lead some peofsie to 
abuse them or even to become addicted to them. Many people (psychologists, health 
professionals, and laypeople) believe that "true" afkiiciitm is caused by the unpleas¬ 
ant pliysinlugical effects that occur when an addict tries 10 stop taking the drug. For 
example, Eddyei al. (1965) defined Ithysicfil "an adaptive state that nian^ 
ilesls itself by intense pliysical distiirbanecs when the admintsiraiion of a drug is siis- 
peiuled" (p. 723). In eontrast, they delhied fysyehir a condition in which 

a drug [produces "a feeling of satisfaction and a jysychic drive that requires periodic 
or cominuous administration of the <irug to pnvdtice pleasure or to a\'oid discom¬ 
fort" (p. 723). Most jjeojjle regard the latter as less iniporlani than the former. But, 
as we shall see, tlie rci/mcis true. 

F<ir many years, lieroin atkliction has been considered as the prototype (dr all 
tlrug atldiciions. Peo]:)le wTio irabilually lake heroin become physically do?pendenI on 
the driig; lliat is, they slmw lofennue And with/hmifal symptoms. As w'e saw in CTliapter 
4, tolerance is the decreased sensitivitv to a chug that comes front its continued use; 
the (irug user 111 list take larger and larger aim amts ol the drug for it to l>e edeciive. 
Once a [)ers(>n has taken an opiate regularly enough to develop tolerance, that per¬ 
son will suifer withdrawal .symptoms il he 4>r she stops takitig the drug. Withdrawal 
.symptoms are primarily ihe opposite <>1 the elfects ol’ the drug itself The eifeels ol 
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Table 16.1 


r 

Addictive Drugs ^ 

Drug 

Sites of Action 

Edivl alcohol 

NMD A receptor (indirect antagonist); GABA^ receptor 
(indirect agonist) 

Barbiturates 

GABA.^ receptor (indirect agonist) 

Benzodiazepines 

(ti'anquilizers) 

GABAj^ receptor (indirect agonist) 

Cannabis (marijuana) 

CBl cannabinoid receptor (agonist) 

Nicotine 

Nicotinic ACh receptor (agonist) 

Opiates (heroin, 
morphine, etc.) 

ji and 5 opioid receptor agonist 

Phencyclidine (PCP) 
and ketamine 

NMDA receptor (indirect antagonist) 

Cocaine 

Blocks reiiptakc of dopamine (and serotonin and 
norepinephrine) 

Amphetamine 

Causes release of dopamine (by running dopamine 
tiansporters in reverse) 


rrr Adaptfdlroni J-hnian, S. 


K., and Maknika. R. C, Xeufmriiftice, 2001. 2, 695^71}^. 


heroin—eupliotia, constipaiiau, and rebixatiou—lead to the withdrawal eflecis of 
dysphoria^ cramping and diarrhea, and agitation. 

Most investigators believe that tolerance is pn>dured by the body’s aitempi lo 
compensate for the unusual condition of heroin intoxication—a hypothesis that was 
tirsi proposed by Himinelsbach (1943). The drug disturbs normal liomeostaiic meclu 
aihsins in the brain, and in reaction these mechanisms begin to produce elTects o|> 
posiie lo those of I lie drug, partially compensating Idr the disturbance (Trujillo and 
Akil, 1991; Zukin etal., 1993), Because of these compensatory mechanisms, the user 
must take increasing amtnmts lA heroin to achieve the effects liiai were produced 
wlien he or she first started taking the drug. They als{> account for the syni[>Loms of 
withdrawal: When the person stops taking the drug, the compensatory mechanisms 
make themselves fell, unop]x>sed by the action of die drug. 

Heroin addiction has pnwided such a striking example of drug dependence 
that some authorities have concluded that "real” addiction does not occur unless a 
di ug causes tolerance and withdrawal. W ithoul doubt, withdrawal syiiiploms make 
it difncult fora [jerson to stop taking heroin: Tliey hel[} to keep the person hcjokecL 
But withdrawal svinpiorns do not explain why a person becomes a heroin addict in 
tlie first place: that fact is ex])lained by the drng’.s reinff>rcing effect, (ieriainly, peo¬ 
ple do not start taking heroin so dial they will become physically dependent on it 
and feel misei ahle when diey go without iu Instead, they begin lakirig it because ii 
makes ihem f eel gt>od. 

Perilaps live be,st evidence that the ttjlerance and withdrawal are ntri the causes 
of adtiiciion is the fact that prolonged tise of some drugs—in jxii ticular, P~adrener- 
gic agonists inlialers used to treat asthma, ot-adienergic agonists used as nasal de¬ 
congestants, and several drugs used to treat hypertension and the pain of angina 
pectoris—^leads to tolerance aiul withdrawal, but the dings are not them selves ad¬ 
dictive (Hyman and Malenka, 2001). 

In the past, the jneoccupation with "physical” drug dependence has led to the 
neglect of the afklictive properties of some drugs. Vnv example, some very potent 
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(i[ iiicltiding cocitiiie, do not pi’oduce physical dcfxnidency. I liat is, ijcopit* who 
take tlic drug do not slu>w tolerance; and d'lhey slop, iliey do not show signilirant 
withdrawal symj^lonis. As a resiilu experts believed for many years that cocaine was 
a relatively innocuous drug, not in the same league as heroin. Obviously; ihev were 
wrong; cocaine is even more addictive than heroin. 

Common Features of Addiction 

\Miai occurs physiologically to make a person dependent on a drug? This secthm de¬ 
scribes some common features of addicihe drugs—di ugs that people often become 
dependent on* A later section describes the details of particular drugs. 


Positive Reinforcement 

Drugs that lead to dependency must first reinforce people's behavior. As we saw' 
in Chapter 12, positive reinforcemeni refers to the effect iliat certain stimuli have 
on tile behaviors that preceded them. If, in a particular situation, a behavior is reg¬ 
ularly follow^ed by an appetitive stimulus (one that llie organism wall tend to ap¬ 
proach), then that behavior will become more freejuent in that situation. 

Role in Drug Abuse. The effective ness of a reinforcing sunuilus is greatest if it 
occurs immediately after a response occurs. If the reinforcing stimulus is delayed, it 
becomes considerably less effective. The reason for this is found by examining the 
hmetion of instrumental coiicliiioning: learning about the consequences ofour own 
behavioi'. Normally, causes and effects are closely related in time; we do sometliing, 
and something happens, good or bad. Hie consequences of the actions teach us 
w'liethei' to repeal that action, and events that follow a resptmse by more lliaii a few* 
seconds were probably not caused hv that response. 

An experiment by Lt>gan {1905) illustrates the importance oi the immediaev of 
reinforcemeiil, Logan trained hungry rats to run through a simple maze in which a 
single passage led to two corridors. At the end of one corridor the rats would find a 
small piece of food. At the end of the other corridor they would receive much more 
food, but it w'ould be delivered only after a delay. Although the most intelligent strat¬ 
egy’ would he tt> enter the second corridor and watt for the larger amount of food, 
the rats cliose to take the small ainoum of idod that was tlelivered right away. Im- 
metliacy ol reinforcemeni Uiok precedence over qiiaiuitv. 

This phenomenon explains why the most addictive drugs are those that have im¬ 
mediate effects. As we saw in t Chapter 4, drug users prefer heroin to morphine not be¬ 
cause heroin has a fiijjmrnl but Ixxause it has a more rfiphl effect. In fiict. heroin 

is converted to morphine as soon as it reaches the brain. But because heroin is more 
lipid soluble, it pa.sses through the blood-brain harrier more rapidly, and ics effects on 
the brain are fell s^)one^ than those of morphine. The must potent reinforcement oc¬ 
curs w'lien drugs produce sudden clianges in tlie activity of the reinforcemeni mech¬ 
anism; slow clianges are much less reinfnrchig, and continuous activity may even he 
aversive. (.As we will see later, the use of methadone for opiate adflictitm and the use 
of iiicoiine paiclies for tobacco addiction are haserl on ifiis phenomenon.) 

Neurdf Mechanisms. .As we saw in Ohapier 12, all naitiral reinforcers that have 
been siudied so far (sucli as food for a hungry animal, water for a thirsty one, t>r sex¬ 
ual contact ) have one pliysiological effeci in common: They cause the release of 
dopamine in the nucleus accumbens (White, 199b), This effect is undoubtedly not 
the mlyciicci of leinforciug stimuli, and even aversive stimuli can trigger the release 
of dojximine (Salamone, 1992). But even though there is mucli that we do not yet 
understand about the neural basis of reinforcement, the release of dopamine ap- 
[iears to fie a rmessary (but not .m(pdnti) condition for reinforcement to take place. 
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AcldicLivc drills—iiicltiding ani[>lHMarnlnc, c(>caint\ opiaios, nict)iiiK‘, akoliol, 
W'A\ and cannabis—tri^gci llic release ol dnpainine m ilu' nucleus aecninbens, as 
measured bv mierodialysis (Hi ("Inara, 1995), Sniue drugs dc) s(j liy incieasiug ilie ac- 
tiviiv t>l tlie dopauiinergic neurons t)f ihe inesoliinbic system, which originates in the 
ventral tegmental area and lemiinates in ibe nucleus accumbens (and M>me oilier 
fbrebi ain regi()ns). Other flriigs inhibii the reuptake of'dc>[>aniine by terminal buitons 
aiul hence laciliiate the posisvnapiic elfecis ol clopainine. K the release of flc)]>amine 
in the nudeiis accumbens is preveiued by damaging die niesolimbic neurons, most ad¬ 
dictive drugs lose their reinlorcing ef fects, T\w details oi the ways in wbicli partienlai^ 
drugs inieraei willi the mesolimbic dtipamiiiergic system are described later. 

Negative Reinforcement 

\dn probably liave heard the old joke in which someone says that the reason he 
bangs his head against tire wall is that '"ii leels so good when \ stop.” Of course, that 
joke is f unny {well, miUlly amusing) becan.se we know that ahhongh no one would act 
that wav, ceasing to bang our head against the wall is certainly better than continning 
to do so. li somet>ne else started liiuing us on the liead and we were able to do some¬ 
thing to gel them to stop, whatever it was that we did would certainly be reinldrcetl. 

A behavior that turns olT (or reduces) an aversive stimulus will be reinforced, 
I bis phemmienon is known as negative reinforcement, and its usef ulness is obvious. 
For example, coiisifler the following scenai io: A woman staving in a rented house 
cannot gel to sleep because of the nnj^leasant screeching noise tfiai the fnrnace 
makes. She goes tt> the basement to discover the source of t he noise and finally kicks 
the side of the oil burner. The noise ceases. The next time the fnrnace screeches, she 
immediatelv goes to the basement and kicks the side ol the oil btuner. The un¬ 
pleasant noise {die aversive stimulus) is tertninated when the woman kicks the sifie 
of the oil burner (the resptHise), so the response is rein forced, 

li is worth pointing out dial rtegaiivf*mifjhrrnnnitslunM not he confused with f/nth 
IVoth phenomena involve aversive siimnli, but one makes a res|jonse moie 
likely, wliile the odier makes ii less likely. For negative reinibrcemeni to occur, the re¬ 
sponse must make the unpleasant stimulus end (oral least decrease). Foi [Hinishment 
to occur, the response must tlif^ stimiihis ornti: For example, il a little 

boy touches a motisetra]> aufl hurts Ills lingei; be is unlikely to touch a nionseirap 
again. The painful stimulus /fuuhfm die behavior t>f touching the mouseiiap. 

As we saw earlier in this chapter, the withdrawal effects, which occur when a ha- 
bitnal user of a drug slops taking die drug, arc unpleasant. Althtiugh positive rein- 
Ibrcement seems to be what prov<ikes drug taking in the hrsi place, reduction of 
wididrawal effects could certainly plav a role in maintaining someone's drug addie- 
liom rbe withdrawal elfecis are unpleasant, but as soon as die fjerson takes some of 
the drug, these effects go away, prochtcing negative reinforcement. 

Negative reinfoicement could also explain the acquisition ol ding addictions 
under some coiuiitions, II a person is suffei ing ironi some unpleasant feelings and 
then takes a drug that eliminates these feelings, the personN drug-taking behavior 
is likelv to be reinforced. Vor example, alcoht)! can relieve feelings of anxiety. If a per¬ 
son buds lierself in a situation that arouses anxietv; she mav find that a drink or two 

H r 

makes her lee I much better. In faci, people often amici pale this effect and begin 
drinking before the situation actually occurs. 


Craving and Relapse 

Whv do drug addicts crave drugs? Why does this craving occur even af ter a long 
]>eriofl of abstinence? Knowing ilie answers to these questions might help clinicians 
to flevise tlun apies iliai will assist people in bi eaking their drug de[iendeuce once 
and for a I 


negative reinforcement The re¬ 
moval or reduction of an aversive 
stimulus that rs contingent on a 
particular response, with an atten¬ 
dant increase in the frequency of 
that response. 
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Figure 16.13 

Cocaine craving. PET scans show aaivation of the orbitofrontal 
cortex (arrows) in abstinent cocaine abusers describing their own 
method of preparing cocaine. 



From Wang, Wang, G.H., Volkow, N D., Fowier J. S.. Cervany, R, 
Hitzemann, R. J., Pappas, N. R,. Wong, C. T., and Felder, C. LifeSdenc^s^ 
1999, 64, 775-7S4. 


Rohiiisoji and Bcrridgc (1993) suggest iliai wlit-n an 
aclfliclive dritg activates tlic nics()lirnl>ic d(>[)iniiint‘rgic sys¬ 
tem, li gives inreniive srilhrur to stimuli [>resf nt at that 
lime. Bv tilts tlicv mean that the stimuli associated witli 

f / 

drug taking become exciting and mt>tivating—a provoca¬ 
tion lo act. When a person wiili a hisLui y ol’driig abuse 
sees or tliinks about these stiimtii, lie or site ex]>eriences 
craving—an im]5itlsion lo lake llie drug. Note that ibis hy- 
poihesis does not imply that the craving is caused solely bv 
au unpleasant feeling. 

Evidence (obtained from both humans and lalioi alnrv 
animals indicates dial loug-ierm drug abuse dues ituiecd 
[>roduce loug-lerm changes in the hiain. Lets consider 
humans hrst. A review by (foldsiein and Volkow (I2()()2) 
repoiletl tliat most functiotial imaging studies show acti¬ 
vation of the orbitofVoiual cortex and die anterior ciiigu- 
late cortex when taking oi‘ craving an addictive drug. 
During withdi’awal these regions geneially sliow a de¬ 
creased level of activation in drug abusers. Foi' example, 
Wang et al. (1999) induced craving in cocaine aliuseis by 
having diem describe iheir own method of preparing co¬ 
caine. As a control condidon, they asked them to discuss 
their family tree. PL'I' scanning revealed that the m- 
bitofrontal cortex was aclivated while the suhjeeis were 
craving cocaine. (See Figure 16J3.) 

In another PET study, Volkow et al. (1992) examined 
regional cerebral hkiod flow of cocaine ahusei s and con¬ 
trol .subjects during lesiing coiulitions. As Figure Kil l 
shows, die activity of the fjrernnual cortex and the ante- 
i mi cingulate cortex of cocaine abusers was less active 
than that of noi nial subjects <hiring absdneiice. (See Fig¬ 
ure 16,14.) 


Figure 16.14 

Effects of prior cocaine abuse on resting cerebral blood flow. PET scans show higher activity of the 
prefrontal cortex and the anterior cingulate cortex In a normal subject than in an abstinent cocaine 
abuser. 



From Volkow, N. D., Hrtzemann, R„ Wang, G.-J,. Fowler, L S.. Wolf, A R. Dewey. S. U and Handlesman. L 
Synapse, 1992, H, 184^190, 
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Siuciics with lai>nrai<n v animals liavc also shown 
changes in braiEi lunciion alter aclnunisiraiion o( acklirlivc 
driij^s. Some ol’these elunii^es invt>lve h)n^‘tenn potentia- 
lion or loiij^-tenn depresskni—changes in synaptic 
strength lliai plava role in learning aiul memory. Firsu sev¬ 
eral studies liave shown that NMDA recepior-dependent 
long-term poieniiaiion and long-ierm dejjiession can lake 
]3lace in I lie nude ns ace nm bens and venlral legmen lal 
area* (See f lyman anrl Malenka, 2001, Tor a review.) Ung- 
less el ak (2001) found that cocaine administration in¬ 
duces long-term poleiuiation in the ventral tc'gmenial area 
h\ increasing the sirenglh ol synaptic transmission be¬ 
tween glutamaiergic svnajDses on dopaminergie nemo ns 
located there* Robinson el al. (2001) Found increased den¬ 
dritic branching and increased numbers of dendrilie 
spines on netirons in the micleus acnimhens and the [3re- 
Ironlal cortex in rats that had previonsiy se I (-administered 

c ocaine one hour each dav For c)ne inonih* Finallv, Vorel et 

* * 

ak (2001) siimulated glutainatergic axons in a portit^n t>f 
the hipptjcamfxi) Formalism that projecis Hj llie ventral 

tegmental area. I’he stimulation ptx)diiced long-lasting activation oj neurons in the 
ventral tegmeutal area, iiureased ihe release ol clopamine in the luieleus accum- 
betvs, and reinstated coeahie-seeking helravior. 

Ollier stimuli can also trigger drug-seeking behavior. For example, clinicians 
iiave long observed that sti essFiil situatitms can cause Former drug addicts to relapse. 
Presuniahlv* the Intense* pleasmable eflects oFilie drug help iliem to forget aboiil 
tlieir cnrreni diFFieuhies. Tlu^se efi'cets lune been observed in rats that had previ- 
oiislv learned to sel Fad minister eoeaiiie or heroin, (kwington and Mici^.ek (2001) 
jjaired naive rats with lats dial had been uained to become dominant* Alter being 
tlefeated by the dominant rats, ilie sociallvstressed rats became more sensitive to the 
clFecls o( cocaine and sliowed hingeing^—self-administration of larger amounts ol 
the drug. Kosten* Miserendino* and Re hoe (2000) showed dial sux'ss that occurs 
cai Iv in liie can have long-lasting effecis* I'hey stressed infant rats liy isolating them 
From ilieir mother and liiiermaies lor one hour ]xn' day (or eiglii days. When these 
rats were given the opportimitv to inject themselves with cocaine* ihev readily ae- 
c|iiired the habit and look more of the drugs than control rats that had not been 
St tessed, (See Figure /6*/5.) 


Figure 16.15 

Effects of social stress on cocaine intake* Mean cocaine intake of 
control rats and rats subjected to isolation stress early in life. 



From Kosten, T A., Miserendino, M. J. D., and Kehoe. P. Bra'm Research, 
2000, S75, 44-50, 


Commonly Abused Drugs 

People have been known to abuse an enormous variety oiAinigs* including alcuhok 
l>arbiturates. opiates, tobacco* amplieiamine* cocaine, cannabis* LSI), psilocybin* 
P(1P, volatile soKents sncli as glues or even gasoline* ether* and nitrons oxide. The 
pleasure that cliiklren ol teii derive Ironi spinning themselves until they iKxoine d'v/zy 
maveven be related to the elTecis of some of iliese drugs. Obviously; 1 cannot liope 
i(> discuss all these drug.s in anv depth and keejj the chapter to a reason able kmgth* 
so 1 will restrict my dtscussitm to the most iinporiaiit ol them in terms of popularity 
and potential for addiction. St>me drugs, such as caffeine* are both popular and ad¬ 
dictive. hut because tiievdo ntvt nnrmallv cause intoxication* inrpair health, or iiitei- 
fere willi prodttctiviiy* I will not discuss them here. (Clhapter 4 did discuss the 
heha\k)ral effects and site of acaon of caf feine.) I will also m>t discuss the wide \'ari- 
etv of hallncinogenic drugs such as LSI) or PCIP* Althougli some people enjoy the 
miiKkiltering en’eeis of l.SD* many people simply find them li ighiening; in any event* 
LSI) use does not normally lead to addiction. PCP (phencyclidine) acts as an indirect 
antagi>nist at the NMDA receptor, which means that its elf eels overlap w'illi those of 
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alcohol. Rather iliati cievoung space to this drug, I Iiave chosen to sav inure ahuui 
alcohol, vvliicli isa[>used lar mure than any ul’the hallucinogenic drugs* H you wouki 
like to learn more ahum drugs other than the ones 1 discuss here, I suggest lliat vou 
consult ilie hooks listed anioug the suggested reatlings at the end of this chapter. 


Figure 16.16 


Cumulative fatalities in groups of rats self-administering 
cocaine or heroin. 
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Opiates 

Opimn, derived from a sticky resin j^rofhiced !>y tlie o[>iinn po[3|)y, has heeit 
eaten and snmked for centuries. Opiate atltliction has several high personal aiul so¬ 
cial costs. First, because lieroin, tlu- nn>si coiiniionly abused opiate, is an illegal drtig, 
an addict hecoines, liv dellniiitm, a crtuiiual. Second, Ix'cause ol‘tolerance, a persem 
must take increasing ainuunts of the drug to achieve a "higli/' Tlie haliit thus he- 
eoines more and more ex[)ensivc, and the person often lunis to crime to obtain 
enough money to support his ur her habit. Third, an opiate addict often uses un¬ 
sanitary needles; at present, a sulvsianiial fxaceiUage of people who inject illicit 
drugs have been exptjsed in this way tt> hepatitis or the AIDS virus. Fourth, ii the ad¬ 
dict is a [>regnan! woman, hei’ inlant will also hec:f>ine tlependeni on the rlrug, which 
easily crosses the placental harrier. Tlie iiifam iiiusi be given opiates rigiit after be¬ 
ing horn and tlien weaned ofTilie drug witli gradnallv decreasing doses* Fifth, the 
uncertainty about the streiiglli of a given hatch of lieruin makes ii possible rf>r a user 
to receive an unusually large dose of the drug, with [>ossibiy latal eonsec|uences. In 
additicni, dealers typically dilute pure lieroiii with various adiiheranis such as milk 
stigar, quinine, or talcum pt Avder; and dealers are not km)wn for taking scrupulous 
care with ihe quality and sterility of the substances iliey use. Some heroin-induced 
deaths ha\e actually been reactions to the arlalterants mixed with the tlrugs* 

W'heu an opiate is administered systeinically, it stimulates o]>iate receptors lo¬ 
cated on neur<jns in various parts of tlie hraiii and produces a variety of elTects, in- 
cltiding analgesia, hypothermia (lowering of body tem[HTaiure), sedation, and 
reiniorcemeiu. Opiate i cceptors in the periaf[ueducial gray matter are jdi imarily re¬ 
sponsible for the analgesia, ih<)se in the preoplic area arc responsible for die by- 
pollicrinia, iliose in the mesence]>halic re Lieu lar formation are respon.sihle for the 
sedation, and those in the ventral legmeiual area and ilie luicleiis accumhens are re¬ 
sponsible for die nanjdrcing ef fects. 

As we saw earlier, reinforcing stimuli cause the release ol 
do])amine in tlie nucleus accumhens. Injections of tq>iaies aiv 
no exception to tliis general rule; Wise ei al* (1995) fbuiul 
that the level of dopamine in the nucleus accumhens in¬ 
creased ]>y 150 to 300 percent while a rat was [iressiiig a lever 
that delivered intravenous injeeiions of’heroin. Rats will also 
pre.ss a lever that delivers iiqeclious of an opiate direcily into 
tlie ventral tegmental area (Devine aiul Wise, 1994) or ihe nu¬ 
cleus accumhens (ioeders. Lane, and Smith (1984). In oilier 
words, injections of opiates into both ends of the mesolimbic 
dojxiininergic sy.stem are reinforcing. Tliese findings suggest 
that the reinforcing eflecis of opiates are produced by acliva- 
tiori ()f neurons of the inesolimhic svsiein and release of 
dopamine in the nucletis accumliens. 


Cocaine 


/ 


Heroin 
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10 


15 


20 


25 


Days of unlimited access 


Adapted from Bozarth, M, A,, and Wise. R. A. Journal of the American 
Medical Assocfation, 1985,254, 81-83. Reprinted with permission. 


Cocaine and Amphetamine 

(.(Kahie and amplietamine have similar behavioral eifecLs, 
because botli act as potent dopamine agoiiisLs. Freebase cctcaiue 
(Track”), a [larticularly potent form of the drug, is suuiked and 
tlitis enters ihe blood snpplv tjl'ihe lungs and reaches the brain 
\ ery cjuickly, Becatise its elfects are so ]>otent and so rapid, it is 
]3robably lire rnosi ef fective reinfbrcer of all a\ailai>le drugs. 
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Wlicii people tLikc cocaine, tliey become eiif>lioriCj 

active, and talkative* Tliey say llial lliey feel powerful and 

alert. Some of them become addicted to the tlrng, and 

ohlaiJiinj^ it ht'Comes an ol^sesskm io winch they devcjte 

more and more time and money* Lahoratmv animals, 

■* 

who will fpiickly learr) to selbadminisier cocaine inira' 
venr)nsly* If rats t)r monkeys are given continuous access 
to a lever that permil.s diem to self-ad minister cH>caine, 
they often sell-inject so mucli cocaine that they die* In 
facu Bo/.artli and Wise (1985) foniHl that rats that self- 

administered cocaine were almost tin ee times more likelv 

.1 

to die than rats that self-administered heroin. (See Fig¬ 
ure I6J6.) 

Several studies have shown that intravenous injec¬ 
tions of cocaine and amphetamine increase the concen¬ 
tration of dopamine in the nnclens acenmhens, as 
tneasured hy microdialysis {Petit and Justice, 1989; l)i 
Cliano et ak, 1995; Wise et ak, 1995)* For example. Figure 
16.17 shows data collecletl from rats who learner! to jjress 
a lever that delivered intravenous injections of cocaine. 
The cokned bars at the base of the graf>hs indicate 
the animals' res])onses, and the line gra[>hs indicate 
the level of dopamine in die nucleus accumbens. (See 
figure 16 J 7.) 

Some evidence suggests tliat ihe use of siimulaius 
sucli as cocaine and amphetamine may have adverse long¬ 
term clTects on the brain. For example, a PFT stmiy by 
McC'ann et al. (1998) discovered that prior abusers of 
methamphetamine showed a decrease in die numbers of 
dopamine iranspru ters in the candatc nucleus and puta- 
inen, despite the fact that they had abstained froni the 
drug for approximately three years* The decreased num¬ 
ber of dopamine transporters suggests that the number (T 
dopaminergic terminals in these regions is diminished. 
As the authors note, these people might liave an in- 
taeased risk of Pai kinsoiTs fliseasc as they get older. (See 
Figure 16,18.) 


Nicotine 

Nicotine might seem rather tame in eompaiason to 
opiates, cocaine, and ampheLainine. Nevertheless, nico¬ 
tine is an addictive drug, and it undonlitedly accounts for 
more deaths than the so-called hard drugs, fhe combi¬ 
nation of nicotine and other substances in tobacco 
smoke is carcinogenic and leads to cancer ot the lungs, 
month, throat, and eso]>hagns* Investigators estimate 
that hy the year 2020, tobacco will be the largest single 
health problem worldwide, witfi 8.4 million deaths per 
yeai (Murray and Lopez, 1997), Smoking by pregnant 
women also has negative effects on the health of their fe¬ 
tuses—a]ipar<*ntly worse than those of'cocaine (Slotkin 
1998)* Unfortunately, a[)proximately 25 percent of preg¬ 
nant women in the United States expose their fetuses to 
nicotine* 


Figure 16.17 

Dopamine concentration in the nucleus accumbens, measured by 
microdialysis, during self-administration of intravenous cocaine by 
rats* 
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Adapted from Di Ciano, P., Coury, A., Oepoortere, R, Y,, Egilmez, Y., Lane, 
J. D., Emmett-Oglesby M. W., Lepiane, F. G., Phihps, A, G., and Blaha, 

C D Behavioural Pharmacology, 1995, 6, 311-322 


Figure 16.18 

PET scans of the brain showing concentrations of dopamine 
transporters from a controt subject, a subject who had previously 
abused methamphetamine, and a subject with Parkinson's 
disease. Decreased concentrations of dopamine transporters 
indicate loss of dopaminergic terminals. 
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From McCann, U. D*. Wong, D* F*, Yokoi, F,. Villemagne. V,, Dannis, R. F*, 
and Ricaurte, G A Journal of Neuroscience, 1998, 18, 8417-8422. 
Copyright 1998 by the Society for Neuroscience, 















CHAPTER 16: Autistic ADHD, Stress, and Substance Abuse Disorders 


www.dblongman.com/carlsonGe 



Now that many employers prohibit smoking in the workplace* we have 
become accustomed to the sight of people outside a building* satisfying 
their nicotine addiction. 


Tliu addictive potential of nicotine shoitld not be underestimated: manv people 
continue to smoke even when doin^ so causes serious liealih problems. For exam¬ 
ple, Sigmund Freud, wliuse theory of psychoanalysis stressed the importance of In- 
sight in changing one's bel^avior, was unable to stop smoking even after most of his 
Jaw had been removed l)ecatise of liie cancel’ that this habit had caused (Brechei; 
1972). He suffered severe paiii and, as a phvsician, realized that he sliotild have 
Slopped smoking. He tiid not, and his cancer finally killed liim. 

Although executives of tobacco companies and others wliose economic welfare 
is linked to the prodtiction and sale of tobacco products argue that smoking is a 
^habit" rather than an ■"addiction," evidence suggests liiat the behavior of‘ people 
wiio regularly use tobacco resembles tliat of compulsive drug users. In a review of tlie 
literature, Siolerman and Jarvis (1995) note tlial smokers Lend to smoke regularly 
or noi at all; few cat) smoke just a liulc. Males smoke an average of se\ cnteeii ciga- 
renes per day; while females smoke an average of fourteen. Nineteen out of twenty 
smokers smoke every day, and only fiO out of 3r>()() smokers questioned smoke fewer 
than five cigarettes per day. Forty percent ol people continue to smoke after liaving 
liad a laryngectomy (whicli is usually perlormed to treat throat cancer), more than 
50 percent of lieari attack survivors continue to smt>ke, and about 50 percent oljjeo- 
pie continue to smoke alter submitting to surgery lor lung cancer. Of tliose wlit> at* 
tempt to quit smoking by enn>lling in a special program, 20 percent managt" to 
abstain for one year. The record is much pfjorer for those ’who trv to quit on their 
ow'u: One-tliird manage to stop h)r one rlay, and one-fourth for one week, but onlv 
4 percent tnaiiage to abstain for six months. It is difficult to rect>ncile these figures 
with the assertion that smoking is merely a ‘"habit" ill at is pursued for the "pleasure" 
that it pn)duces. 

Ours is not the only species that is willing to self-adminisier uicotine; so will lal>- 
oratory animals (Donny et al., J995). Nicotine stinutlates acetylcholine receptors, of 
course. It also increases the activity of dopaminergic neurons of the mesolimbic sys¬ 
tem, which contain these receptors (Mereu el aL, 1987), and causes dopamine to he 
released in die nucleus accinnbens (l)amsma. Day; and Fibiger, 1989). Figure 16.19 
si tows the effects of two injections of nicotine or saline on the ex tiacel hilar 
dopamine level of the iiueleus accumbens, measurerl bv mlcrtjdialvsis. (See /5V- 
ure I6J9.) 
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Alcohol 

Alcolml lias irre-atcr costs to society lliaii any other dru^, 

A larj^e perceniagc ol dcallis and injuries caiiseti by nioior ve- 
hicie accidems are related to alcoliol use, and alcohol con- 
tributes to violence and aggression. C^lironic alcoholics often 
lose their jobs, ilieir fiornes, and their himilies; and many die 
of ciniiosis ofdhe liver, exposure, or diseases caused by poor 
living conditions nnd abuse of their bodies. As we saw in 
Clliapler 14, women who drink during pregnancy tain the risk 
of giving birth to babies witlt fetal alcoliol syndrome, symp¬ 
toms oi'which include malformation of tfie head and the 
brain. The leatling catisc of mental retardation rn the U'esi- 
ern w'orkl today is alcohol consumption l>y pregnant women 
(Abel and Sokol, 1986), Tlius, understanding the physiolog¬ 
ical and behavioral effects tsl this drtig is an imporiani issue. 

Al low rioses alcohol piodnces mild euphoria and has an 
«/c\7e/v/k ef fect—that is, it reduces the discomfort of atixiety. 

At Itigher doses it j^rodnces incoordinatiiin and sedation. In 
sUKiies with laboratory ainmals the anxi{>lviic efi’ects mani- 
test themsehes as a release from the pnnislnng effects of awr- 
siye stinnili. Koi examfsle, if an animal isgiyen electric shocks 
wheneyer it makes a particular response (say, one that ob¬ 
tains fofjd or water), it will stop doing so. Muweyer, h it is dieii 
giyen some alcohol, it will begin making the respon.se again 

{Kooi) et aL, 1984), Tiij.s phenomemni explains why people often do tilings they 
normally woidd not wlieti they Itave had too much to drink; tire alcohol removes tire 
inhihiiory effect of social controls on their f)ehavior. 

.Alcohol produces bntlt positive and negative reiniorcenteni. The [jositive rein- 
f<jrcemeiit manifests itself as mild euphoria. As we saw earlier, reinforcement 

is caused by tlie terminahon nfan aversive stiintihis. If a person feels anxious and un¬ 
comfortable, then an anxiolytic drug that relieves this discomfort provides at least a 
tempoi ary escape from an unjileasanl situation. It is probably the niiiqne combina¬ 
tion of stimulating and anxiolytic effects—of positive and negative reinforcemeni— 
tiiat makes alcohol .si> diffknh for some people to resist. 

Alcohol, like oilier addictive drugs, increases ilie activity of the dopaminergic 
nenrons of the mesofimhic system and increases the release of dopamine in the nn- 
dens accintilieiis as measured by microdialysis ({iessa et al., 1985: l[iiperaio and l)i 
(-liiara, 1986). The release of rlopamine appears to be related to the positive rein¬ 
forcement tliai alcohol can produce. An injection oi'a <lopamiiie antagonist directly 
into the nnelens accitmhens decreases alcohol intake (Samson el al., 1993), as does 
the in jection of a drug \\Mn tlie ventr al tegmental ar'ea tliai decreases the achvilv of 
the dopaminergic neuixms there (f lodge et ak, 1993). 

What is responsible for the sedative and anxiolvtic elTecis of alcohol? hi low to 
nioderate doses, alcohol appears to liave hvo niajtir sites of action in the nervons sys¬ 
tem: NMDA 1 eceptors and (iAHA^ receptors. Alcohol acts as an indirect antagonist 
at NMDA receptors, interfering wiili die effects of glutamate. Like alcohol, NMD.A 
antagonists produce seflative and anxiolytic effects and iiiterferr with cognitive per¬ 
formance (Tahakoff and Hoffman, 1996). Also like alcoliol, NMDA antagonists 
cause the release of dopamine in the nucleus acciimbeiis (Imperato el ak, 1990: 
Loscher; Annies, and Honack, 1991). I hns, WfDA receptors are at least partly re¬ 
sponsible for both tlie positively and negatively reinforTing effects of alcohol. 

As we saw in C'hapter 12, NMDA receptors ate involved in long-term potenua- 
lion, a phenfimeiion that plays an inifjortanl role in learning. Thus, it will not stir- 
prise von lo learn that alcohol, which antagoni/es the action of glutamate at NMDA 


Changes in dopamine concentration in the nucleus 
accumbens, measured by mkrodia lysis, in response to 
injections of nicotine or saline. The arrows indicate the time 
of the injections. 
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Adapted from Darnsma. G., Day, J., and Fibtger, H C European Journal 
of Pharmacology, 1989, 168, 363“36S. Reprinted with permission. 
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In low doses, alcohol produces a mile euphoria and has an anxiolytic 
effect. For this reason, alcohol is part of social occasions In many cultures* 


Figure 16.20 


receptors, clisrij[>ts long-terni potentiation aiui initn feres with the spatial recef>tive 
Helds of [>htce cells in the hippocam[>us (Cnvens and McMahon, 1995; Matthews, 
Siinson, and Ik'si, 1996}. Pi esinnably, this effect at lea.st partly accounts lor the dele- 
tenons effects of alcolKjl on memory and oilier cognitive functions* 

Tile secorid site of action of alcohol is the Cb\BA^ receptor. Alcohol acts as an 
indirect agonist at these receptors, binding willi one of the many binding sites and 
increasing the effecuve^ness of (iABA in opening llie cliloridc cliannel and produc¬ 
ing iniiiiiitoi y postsynaptic potentials, Suzdak el al. (1986) discovered a drug {Ro la¬ 
d's 18) that reverses alcohol inioxication by blocking the alcoliol binding site on the 
receptor. Figure 16.29 shows two rats that received injections of enoiigli al¬ 
cohol to make them [jass out. Tlie one fac ing us also received an injection oi the al¬ 
cohol antagonist and appears completely sober. (See /igiire 16.20,) 

This vvonfler drug is not likely lu reacli the market. Although the behavioral el- 
feels of alcohol are medialed by their action tin CiABA^ receptors and NMDA re¬ 
ceptors, Itigii doses ol alcohol liave olher, potentially fatal effects on all cells of the 
body, including deslabili/ation of cell menibi aties. Tims, people taking some of the 
alcohol antagonist could tlten go on to drink themselves to death without becoming 

drunk in the process. Drug companies naturally fear pos¬ 
sible liability surt.s stemming from such occurrences. 


Effects of Rol 5-4513, an alcohol antagonist. Both rats received an 
injection of alcohol, but the one facing us also received an 
injection of the alcohol antagonist. 



Photograph courtesy of Steven M Paul, National Institute of Mental 
Health, Bethesda, Md. 


Cannabis 


Another drug that people rcgulai ly self-administer—* 
almost exclusively by smoking—is TH(], the active ingre¬ 
dient in marijuana. As you learned in CHiapte]' d, THC^ 



the bj ain has been mapped. The endt>genous ligand for 
these receptors, anandainide, is a lipid, fhit we still do not 
know what situations trigger the release oi anandamicle or 


what functions this chemical serves, incidentallv, di 

p 

ruinaso, Beltramo, and Pioinelli (1996) discovered that 
chocolate contains fhret* anaiidainide-like chemicals. 
Whether the existence ol diese chemicals is related to tlie 


great appeal that chocolate has jbr many people is not yet 
known, (I suppose that this is the place for a chocoliolic 
Joke.) 
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Otif tiling we do now know about TH(^ is that iu like' 
otlicr drills with al)use poteniial, lias an eiTet t on dopamin¬ 
ergic neurons. C^ien el al. (H)90) injected lats wiili low 
closes of TIK; and measured the release of dofiainine in the 
nucleus accuinbens by means oi inicRjdialysis. Sure enougJi^ 
lliey (bund lliat the injections caused the release of 
do[>anuue. (See Figure 16.2L) 

As we saw in (Chapter 1, ilie lu]>pocani]>us contains a 
large concentration ofTIK; iece[>tors. Marijuana is known 
to affect jjeople's inemory. Specifically; it impairs tiieir ahik 
ity l(j keep Hack of a particular topic; they fre(|neiuly lose the 
thread of a conversation ifdhev are momeiUarilv distracted. 

1^ H 

Perhaps the drug does so hy disrupting the normal func¬ 
tions oibhe hip[>ocampus, which [jlays such an important 
role in meni()rv. 


Figure 16.21 


Changes in dopamine concentration in the nudeus accumbens, 
measured by mkrodialysis, in response to injections of THC or 
an inert placebo. 


Heredity and Drug Abuse 



Not everyone is ef[ually likely to become addicted to a drug. 

Many ])eople manage to drink alcohol inoderalelv; and evtai 
many users ol potent drugs such as cocaine and heroin use 
them “recreattonally” without becoming dependent on 

them. There are only two possible sources of ittdividual differences in an\ charac¬ 
teristic: beretlity and environment. Because this book considers die f}liysi{tk}gy < if be¬ 
havior. I will not diseus.s llie role that environ men I plavs in a persoiTs susceptibility 
to the addicting effects of drugs. Obviously, environmental effects are impoi lanl; 
jjeople who are raised in a squalid eiiviionmeni withoiu any real li<»pe for a better 
life are more likely tlian t>ther petjple to turn {u drugs for some tem[>orai v ettplio- 
ria and removal Ironi ifie unpleasant w<rrki dial surrotinds them. But even in a given 
envirtmmeni, poor or privileged, some pt^ople become addicLs and some do not— 
anci some of these beliavioial differences area result of genetic differences, as we will 
see in the following subsections. 

Most ol tile research on the effects of heredity on addit iion liave lieen devoted 
to alcoholism. One ()f the reasons for this fbctis—-aside from tlie importanec of the 
problems caused by alcohol—is that almost everyone is ex.poscd to alcohol. Most 
peojjle drink alcohol sometime in their lives and tlnis have llrsthaiul experience 
with its reinforcing elfects. The same is not tt tie for cocaine, heroin, and other drugs 
that have even more potcnl effect.s. In most cotintries alcohol is freely and legally 
available in local shops, wliereas in purchasing cocaine and hennn, one ritus llie risk 
of being arresteci, perhaps even im|>i isonecl. 

A few researchers have begun looking at the genetics ol dependence tni iUlier 
drugs, such as cocaine, nicotine, and maiijuana. In general, studies have found that 
the liei iia[>ility of smoking is just as strong as that of alcoholism. Smoking has also 
been shown to be reflated to some personal characterislics, incltiding neurosis, social 
alienation, impulsiveness, sensation seeking, low conscientiousness, low sot ioeco- 
uomic status, and low acbievemeni ((albert and Calbert, 1995; Heath et ak, 1995). 
A twin study by True et ak (1999) lotmd tluit alcoliolism and nicotine dependence 
have genetic lacit>rs in ctmimou, which may explain why alcoholics are often ad¬ 
dicted u> nicotine. A family study comparing siblings (Bieiiii et ak, 1998) suggests 
that botli common and specific genetic iaciors are involved in addiciion to alcohol, 
cocaine, nicotine, and marijuana. In other words, there apfjears to he a genetic trait 
that increases vulnerability to dependence on addictive substances in getteral aiifi ge¬ 
netic traits associated with viilnerabihty to dependence on each the |>at ticular 
drugs. 


Adapted frorn Chen, J., Paredes, W., Li, J. Smrth. D., Lowinson, J., and 
Gardner. E L Psychopharmacology, 1990. W2, 156-162. Reprinted 
with permission. 
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The Evidence 

Alctihol ctinsuiufjLion is iini clisnihuU‘cl t'qiially across ilic population: in ibc 
IHiilcd States. ID percent oCUr- people drink 5D perceni oi’ilu- alcohol (Heckler, 
1983), I'he best evideuce for an edeci oi heredity on susceplibiliiy to alcofiolisni 
comes [ruin two main sources: twin studies and cross-fostering sitidies. MoiR)Z\gt>iic 
twins lend lo resemble each other more closely than di/ygolic twins in many ways, 
incltiding the likeliliood of alcolml abuse ((ioothvin, 1979). 

rhe .sectmd type of heriialrility study uses cliildren who were adopted by non¬ 
relatives w'lien iliev were yoinig. A study like dtis permits the investigator to estimate 
tile etTeeis o[‘ fkmilv enyironmeni as well as genetics. That is, one can examine the 
elTects of being raised bv an aleolioHc paretu, or liaving a biohigical pat ent wiu> is 
an alcoholic, or boili on llie pnibability of becoming alcoliolic, Sndt a study was car¬ 
ried out in Stockholm by (iloningerel al. (1981, 1985) and was rejilicaled in Ck>then- 
burg, anotlrer Swedish city (Sigvardssoti. Bolmian, and C^tminget; 1996). Briedy, the 
studies found that lieredity W'as much more impoi lanl than family euviroument. Bui 
tlte stru y is not quite that simple. 

In a review oft lie literature on alcohol abuse, ("lot linger (1987) notes that many 
iiivesiigators have concluded that lluae are two piiiuipal types oi alcofuilics: those 
w lio catini>t abstain btii dt ink consislently and those who at e able to go without 
drinking for lung periods of tiuR* but are unable to control themselves once tliey 
start. (For convenience 1 will refer to these Uvo groups as "steady drinkers'’ and 
"blngei's,”) Steady diinking is associated with antisocial personality disorder, which 
iiK hides a lilelong bisiory of Impulsiveness, bgliiing, lying, and lack t>(A emoise foi 
antisocial acts. Binge drinking Is associatetl with emotional dependence, behavioral 
rigiditv, periectionisni, inU tversion, and guilt feelings about one's drinking beiiav- 
ior Steady dritikers usually begin ilicir alcohol constimption early in life, whereas 
binge drinkers begin much laien (See Table 16^2.) 

.Steady drinking Is strongly inlliienccd by lunedity. The Stockholm adoption 
suidvldiiiKl that men witli fathers wliowei e steatfv diinkers were almost seven limes 
more likelv to become steady drinkers themselves than were iiRai whose fUlliers did 

j ■< 

not abuse alcoliol. Family environmeiU had no measurable effect; die boys began 


Table 16.2 


^ Characteristic Features of Two Types of Alcoholism 



TYPE OF ALCOHOLISM 

Feature 

Steady 

Binge 

Usual age of onset (years) 

Before 25 

After 25 

Spontaneous alcohol seeking (inability to abstain) 

Frequent 

Infrequent 

Fighting and arrests while drinking 

Frequent 

Infrequent 

Psychological dependence (loss of control) 

Infrequent 

Frequent 

Gnilt and fear about alcohol dependence 

Infrequent 

Frequent 

Novell)’ seeking 

High 

Low 

Harm avoidance 

Lt>w 

High 

Keward dependence 

Low 

High 


C lluniiigfi; C. K. 19^7, 256, HtM 16. t'f>|jynglu 19H7 l>v ilit- Aiuei it’;m 

Assuriiiiion foi lire AdviuKniieiit of Seieiire. 







drinkinjT whether or noi ihe members of' their ad(>f)tive iimuly themselves drank 
heavily. Very few women become steady drinkers; i\w daughters of steadv-drinking 
lathers instead lend to develop Mmmf/zftiiofi People with diis disortler chron¬ 

ically complain of'sympioms for wlncli no physiological cause can he h>tuKk leading 
tliem to seek medical care almost coniimionsly. Ihns, the genes that predispose a 
man n? become a steady-drinking alcoholic (antisocial tvpe) predispose a woman lo 
develop somatb.adon disorder. The reasor) lor this interaction with gentler is not 
known. 

Binge drinking is influenced both hy heredity and hy ein trtnnnent. The Stork- 
hohn ado[>tit>n study I’ouiid dial having a tiioiogical parent who was a hinge tlrinker 
hatl little elTect mi the development of hinge th in king unless the child was exposett 
to a lamify environment in which there was lieau' drinking. Tlie effect was seen in 
both males and females. 


Therapy for Drug Abuse 

There ai e many reasons for engaging in research on the phvsioiog\of drug abuse* 
inelnding an academic interest In the nature of‘reinforceiiieiu and the pltarmacoi- 
og) of jjsyt hoactive drugs* But intist lesearchers entertain the hope tliat the results 
of their research will contribute to ifie development til’ways to treat and (better vet) 
prevent drug abuse in members of oin own species. As you well know* llie ineitlence 
oi’tlrug abuse is fUr too liigh, so obviously* researeli has not yet solved the problem. 
However* real progress has been made* 

The most ctmimon treatment for opiate addict ion is methadone maintenance. 
.Methadone is a potent opiate, just like morphine or heroin. li it were available in a 
form suitable for injecdon, it would he abused. (lu fact, metliadoiie clinics must con¬ 
trol their stock of meiliadtme carehilly to jirevent it from being stolen and sokl to 
4)piaie abusers.) Methadone ntaintenance [irograitis admiiiistei’ the drug to their pa¬ 
tients in the form of a liquid, which diey must drink in the pre.sence of the person- 
tiel supervising ifiis |>rocedure. Becaust^ the t*ral rmiie of administration increases 
the opiate level in the brain slowly, die drug does not produce a higli* the wav an in- 
jectioti of'heroin will* In additton, because methadone is long-lasting* the patient's 
ofiiate receptors remain occupied for a long time, wliich means that an injection tsf 
heroin has little effect. 

As we saw^ earlier, tlie reinldrcitig effects of cocaine and amphetamine are pi i- 
marily a result of’the shai piy inc reased levels of dopamine iliai these drugs produce 
in the nucleus acenmbens. Drugs dial block chipamine reeeptoi’s certainly block the 
reinforcing effects of cticaine and amplieiamine, f>ut diey also produce dysplioria 
(an unpleasant feeling) and anhedonia (inability to experience pleasure)* People 
will not tolerate the mipleasam feelings these drugs j>roduce, so thevare not iisefnl 
treatments for cocaine and amphetamine abuse* Drugs that ,s7//r/w////cdo[>amine re¬ 
ceptors can reduce a person's dependenee on cocaine or amplieiamine, but these 
drugs are just as addictive as the drugs they replace and have the .same deleierions 
effects on health. 

An inierestiiig approach to cocaine addiction is suggested by a study by Carrera 
ei al, (1995), who conjugated cocaine to a foreign [irolein and managed to stinin- 
late rats’ ininuuie systems to develofi aniihotiies to cocaine. These “cocaine-immu- 
ni/ed" rats were less sensitive to the activating effects of cocaine, and brain levels oj‘ 
c<>eaine in these animals were lower after an injeciioti of the drug. As I.eshner 
(199()) suggests, it might .someday fie [xissihle tc) vaccinate ccjcaine abusers (or per¬ 
haps inject them with ati antibody developefl bv genetic engineering) so that an in¬ 
jection of cocaine will ntit [irodnce reinforcing effects. This treatment would ha\e 
many advantages, hecatise (theoreiicallv, at least) it would interfere onlv watli the 
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Figure 16.22 


Percentage of smokers chewing nicotine gum alone or in 
conjunction with counseling who abstained from smoking. S = 
start of treatment; E = end of treatment. 



Weeks 


Adapted from Schneider, M. G., and Jarvrk. M. E, NfDA Res&^fch 
Monographs, 1985, 53, 83^101. 


naltrexone A drug that blocks 
mu opiate receptors: antagonizes 
the reinforcing and sedative ef¬ 
fects of opiates. 


LKliort uf cocidnt* ar^l not witli tlie iionnal operations of 
pc'ople's reiiiiorcenieoi nice linn isms. Tlius, tiic treatment 
sliuulcl not decrease tiieir ability to experience normal 
pleasure. 

A treatment similar to metliadonc maintenance has 
l>een used as an adjunct to treatttieni ior nicnline addic¬ 
tion. For several years, cliewiug guiti containing nicotine 
has been available, and more receuth; iransdermal jjatclies 
that leleasc nicotine lb rough the skin have been marketed. 
Both melluxls maiiuain a snfriciently Ihgh level of nicotine 
in the brain to decrease a person's craving lor nicotine. 
Once the haliil tif smoking has snbsidcik tiie dose oi nico¬ 
tine can be tlccreased to wean the [xnsoii Trom the drug, 
(kirelnllv controlled studies have shown that nicotine 
maintenance ilierapv, aiui not administraiion of a placebo, 
is useful in treatment for nicotine dependence (Skjlerman 
and |aiais, 1993). Htnvever, nicotine mainieiiance therapy 
is most eiTective if it i.s part t>f a counseling program. (See 
Figure 16,22,) 

As we saw ill Obapier 1.3, serotonin agonists have 
[>roved iliemselves useful in treatment of panic disorder 
and ofvsessivex^ompulsive disorder (and relauxl disorders 
such as hair pulling and nail biting). These flrugs also ap- 
]:)ear to be tiseltil in treating alcoholism; several doiible- 
Idind studies have found tfiat 3-H'r reuptake blockers make it easier for alcofiolics 
to abstain. For examfde, Naranjo et al. (1992) Jdund ilial ciialopram (a serotonin ag¬ 
onist) “decreased interest, desire, craving, and liking tor alcohol" in alcoholics who 
were receiving ireaimem for their addictitiit. It appeared to do so by decreasing the 
reinforcing effects ol alcofiof. 

Stweral studies liave shown that opiate antagonists decrease the reinforcing 
value of alcoliol in a variety of species, inchKling our own (Altschuler, Phillips, and 
Feinhandler, 1980; Davidson, Swih, and Filz, I99<k Reid, 199()). I’his ihiding sug¬ 
gests that the reiiifureing effect of alcoliol—at least in part—is produced by the se¬ 
cretion of endogenous ofjioids and the activation ofdpiate receptors in the brain. A 
sludv bv Davidson, Swift, and Fit/ (i99b) clearly illustrates this effect. The Invesiiga- 
tors arranged a dtmhle-blind, placelxxcontrolled study with sixteen college-age men 
and women to investigate the effects of naltrexone on social drinkers. (Naltrexone 
is a drug llial lilocks opiate receptors.) No[ie of the participants were alcohol 
abtisers, and pregnancy tests ensured that the women were not pregnant. They gath¬ 
ered around a table in a local resiaurani/bar for three iwti-hoiir di inking sessions, 
two weeks apart. For several days liefore the meeting, they swallowed cajDsules that 
contained either naltrexone or an inert placebo. Tlie rcsulis showed that naltrexone 
increased tlie latency to take the first sip and to take a second drink and that the 
blood alcohol levels of the iialti exone-treaied participants were lower at the end of 
the session. In general, the })eo]jle who had taken naltrexone found that their drinks 
difl not taste very good—in fact, some ofTheni asked for a different drank alter tak¬ 
ing the first sip. 

I'hese r esults are consistent witli reports of the effectiveness of nallrexone as an 
adjtmci to j>rogranis designed to treat alcohol abuse. For example, O'Brien, Volpi- 
celli, and Vdlpiceili (1999) reported the results of two long-term programs using naU 
trexone along wiili more Liadilional hehavioral treatments. Ikith programs found 
tliat admin istraiitm of naltrexone significanily increased the likelihood of success. As 
Figure lb. 23 sIujws, naltrexone dccreasetl the pariitiparits’' craving for alctilml and 
increased ihe number of par licijiants who managed to abstain h'oni alcohol. (See 
Fi^tre 16,23,) 










Substance Abuse Disorders 



Figure 16.23 

Mean craving score and proportion of patients who abstained from drinking while receiving 
naltrexone or a placebo. 
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INTERIM SUMMARY 


Drug Abuse 

Addictive drugs are those whose reinforcing effects are so potent that some people who are 
exposed to them are unable to go for very long without taking them and whose lives be¬ 
come organized around taking them. Originally, addictive drugs came from plants, which 
used them as a defense against insects or other animals that otherwise would eat them, but 
chemists have synthesized many other drugs that have even more potent effects. If a person 
regularly takes some addictive drugs (most notably, the opiates), the effects of the drug 
show tolerance, and the person must take increasing doses to achieve the same effect If the 
person then stops taking the drug, withdrawal effects, opposite to the primary effects of the 
drug, will occur. However, withdrawal effects are not the cause of addiction—the abuse po¬ 
tential of a drug is related to its ability to reinforce drug-taking behavior. 

Positive reinforcement occurs when a behavior is regularly followed by an appetitive stim¬ 
ulus—one that an organism will approach. All addictive drugs produce positive reinforcement; 
they reinforce drug-taking behavior. The faster a drug produces its effects, the more quickly 
dependence will be established. All addictive drugs stimulate the release of dopamine in the 
nucleus accumbens, a structure that plays an important role in reinforcement. 

Negative reinforcement occurs when a behavior is followed by the reduction or termi¬ 
nation of an aversive stimulus. If, because of a person's social situation or personality char¬ 
acteristics, he or she feels unhappy or anxious, a drug that reduces these feelings can 
reinforce drug-taking behavior by means of negative reinforcement. Also, the reduction of 
unpleasant withdrawal symptoms by a dose of the drug undoubtedly plays a role in main¬ 
taining drug addictions, but it is not the sole cause of craving. 

Craving—the urge to take a drug to which one has become addicted—cannot be com¬ 
pletely explained by withdrawal symptoms, because it can occur even after an addict has re¬ 
frained from taking the drug for a long time. In laboratory animals inactivation of the 
prefrontal cortex, ventral tegmental area, or nucleus accumbens prevents a "free" shot of 
cocaine from reinstating drug-seeking behavior; conversely, injection of cocaine into the 
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prefrontal cortex or the nucleus accumbens causes reinstatement Presentation of stimuli 
previously associated with cocaine also causes reinstatement but not if the basolateral amyg¬ 
dala is destroyed or inactivated. Functional imaging studies find that craving for cocaine in¬ 
creases the activity of the orbitofrontal prefrontal cortex and the anterior cingulate cortex. 
Chronic cocaine intake produces long-term potentiation in the ventral tegmental area, 
which increases the sensitivity of dopamine-secreting neurons to excitatory glutamatergic 
input; it also causes increased dendritic branching and increased numbers of dendritic spines 
in the nucleus accumbens and prefrontal cortex. Stressful stimuli—even those that occur 
early in life—increase an animal's susceptibility to drug addiction. 

Opiates produce analgesia, hypothermia, sedation, and reinforcement. Opiate receptors 
In the periaqueductal gray matter are responsible for the analgesia, those in the preoptic area 
for the hypothermia, those in the mesencephalic reticular formation for the sedation, and those 
in the ventral tegmental area and nucleus accumbens at least partly for the reinforcement. 

Cocaine inhibits the reuptake of dopamine by terminal buttons, and amphetamine 
causes the dopamine transporters in terminal buttons to run in reverse, releasing dopamine 
from terminal buttons. Besides producing alertness, activation, and positive reinforcement, 
cocaine and amphetamine can produce psychotic symptoms that resemble those of paranoid 
schizophrenia. The reinforcing effects of cocaine and amphetamine are mediated by an in¬ 
crease in dopamine in the nucleus accumbens. 

The status of nicotine as a strongly addictive drug (for both humans and laboratory an¬ 
imals) was long ignored, primarily because it does not cause intoxication and because the 
ready availability of cigarettes and other tobacco products does not make It necessary for 
addicts to engage in illegal activities. However, the craving for nicotine is extremely moti¬ 
vating. Nicotine stimulates the release of mesolimbic dopaminergic neurons, and injection 
of nicotine into the ventral tegmental area is reinforcing. 

Alcohol has positively reinforcing effects and, through its anxiolytic action, has negatively 
reinforcing effects as well. It serves as an indirect antagonist at NMDA receptors and an indirect 
agonist at GABA^ receptors. It stimulates the release of dopamine in the nucleus accumbens. 

The active ingredient in cannabis, THC, stimulates receptors whose natural ligand is 
anandamide. THC, like other addictive drugs, stimulates the release of dopamine in the nu¬ 
cleus accumbens. 

Most people who are exposed to addictive drugs—even drugs with a high abuse po¬ 
tential—do not become addicts. Evidence suggests that the likelihood of addiction, espe¬ 
cially to alcohol and nicotine, is strongly affected by heredity. There may be two types of 
alcoholism, one related to an antisocial, pleasure-seeking personality (steady drinkers) and 
another related to a repressed, anxiety-ridden personality (binge drinkers), 

Although drug abuse is difficult to treat, researchers have developed several useful ther¬ 
apies. Methadone maintenance replaces addiction to heroin by addiction to an opiate that 
does not produce euphoric effects when administered orally. Similarly, nicotine-containing 
gum and transdermal patches help smokers combat their addiction. The development of an¬ 
tibodies to cocaine in rats holds out the possibility that people may some day be immunized 
against the drug. Serotonin agonists show promise in decreasing craving for alcohol. How¬ 
ever, the most effective pharmacological adjunct to treatment for alcoholism appears to be 
the opiate antagonist naltrexone, which blocks some of the drug's reinforcing effects. 

A personal note: You are now at the end of the book (as you well know), and you have 
spent a considerable amount of time reading my words. While working on this book, I have 
tried to imagine myself talking to someone who is interested in learning something about the 
physiology of behavior. As I mentioned In the preface, writing is often a lonely activity, and 
the imaginary audience helped keep me company. If you would like to turn this communica¬ 
tion Into a two-way conversation, write to me. My adciress is given at the end of the preface. 

THOUGHT QUESTIONS 

1 , Although executives of tobacco companies used to insist that cigarettes were not 
addictive and asserted that people smoked simply because of the pleasure the act 
gave them, research indicates that nicotine is indeed a potent addictive drug. Why 
do you think it took so long to recognize this fact? 




Key Concepts j 


2. tn most countries alcohol is legal and marijuana is not. In your opinion, why? What 
criteria would you use to decide whether a newly discovered drug should be legal or 
Illegal? Danger to health? Effects on fetal development? Effects on behavior? Poten¬ 
tial for dependence? If you applied these criteria to various substances in current 
use, wouid you have to change the legal status of any of them? 


EPILOGUE 


Classically Conditioned Craving 


When a person takes heroin, the pri¬ 
mary effects of the drug activate home¬ 
ostatic compensatory mechanisms. These 
compensatory mechanisms are provided 
by neural circuits that oppose the effects 
of the drug. As Siegel {197S) has pointed 
out, the activation of these compen¬ 
satory mechanisms is a response that 
can become classically conditioned to 
environmental stimuli that are present 
at the time the drug is taken. The stim¬ 
uli associated with taking the drug—in¬ 
cluding the paraphemafia involved in 
preparing the solution of the drug, the 
syringe, the needle, the feel of the nee¬ 
dle In a vein, and even the sight of com¬ 
panions who are usually present and the 
room in which the drug is taken serve as 
conditional stimuli. The homeostatic 
compensatory responses provoked by 
the effects of the drug—serve as the un¬ 
conditional response, which becomes 
conditioned to the environmental stim¬ 
uli. Thus, once classical conditioning has 
taken place, the sight of the conditional 


stimuli will activate the compensatory 
mechanisms. 

When John, the former addict in the 
chapter prologue, saw the poster, the 
sight of the drug paraphernalia acted as 
a conditional stimulus and elicited the 
conditional response the compensatory 
mechanism, Because he had not taken 
the drug, he felt only the effea of the 
compensatory mechanism: dysphoria, 
agitation, and a strong urge to relieve 
these symptoms and replace them with 
feelings of euphoria. He found the urge 
irresistible. 

Experiments with laboratory animals 
have confirmed that this explanation is 
correct. For example, Siegel et a(. (19S2) 
gave rats daily doses of heroin—always 
in the same chamber—long enough for 
tolerance to develop. Then, on the test 
day, the experimenters gave the rats a 
large dose of the drug. Some of the ani¬ 
mals received the drug in the familiar 
chamber, while others received it in a 
new environment* The investigators pre¬ 


dicted that the animals receiving the 
drug in the familiar environment would 
have some protea ion from the drug 
overdose because the stimuli in that envi¬ 
ronment would produce a classically con¬ 
ditioned compensatory response. Their 
prediaion was correa; almost all of the 
rats who received the overdose in the 
new environment died, compared with 
slightly more than half of the rats in- 
jeaed in the familiar environment Siegel 
and his colleagues suggest that when hu¬ 
man heroin addias take the drug in an 
unfamiliar environment, they too run the 
risk of death from a drug overdose. 

By the way, the story of John that I 
recounted in the chapter prologue is un¬ 
likely to occur nowadays. Because so 
many heroin addicts trying to break 
their habit have reported that the sight 
of drug paraphernalia made it difficult 
for them to abstain, the agencies trying 
to combat drug addiction have stopped 
preparing posters that feature these 
items. 




KEY CONCEPTS 




AUTISTIC DISORDER 

1, Aiiiislic disorder is chaniclcri/.od by poor cir absciu 
social relations, coiiiiiiiiiiicativc abilities* and iinagi- 
nalivc abilities anti the presence of repetitive, pur¬ 
poseless nun eine Ills, 

2. Althoii^b anlisin used to be blained on poor par¬ 
enting behavior, ii is now recognized dial tlie disor¬ 
der is caused by hereditary factors or events that 
interfere with prenatal development* 


a task. (Children with ADHD also have dif(lenity with¬ 
holding a response, act without rellecling, oltcn 
sliow reckless and impetuous behavi<n, and let in¬ 
terfering activities ini rude into ongoing tasks. 

4* ADHD is ireaterl bv dopamine agonists such as 
methylplienidate (Ritalin), The disorder may be 
caused by abnormalities in the brain's reinforce- 
nient mechanisms* wliieli result in a stee|jer delay oi 
re i n f'oi ceme n t gradien t. 


ATTENTION-DEFICIT/HVPERACTIVITY DISORDER 

*4. Aneniion-deilcii/hyperactivity disorder (ADHD) 
shi>ws up in childhood, and is charaeterized bv dilfi- 
cuhv concentrating* remaining still, and working on 


STRESS 

5. Tlie stress resptmse consists of the physiological com¬ 
ponents of an emotional response to tlireateiiing 
stimuli. The loug-term elTecns of these responses— 
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partifiilarly ofilu" secretion of the j^liicoconicoicls— 
can (ianiaj^e a |>erson's lieallli, Stress-relaletl secre- 
Lioii oi" caiecliolaniines may be a factor in the 
clevt‘]o[)nient ol carcliovascuiar disease, 

(>. riie way jseople cope willi stress can affect tJieir 
])hysiological reaction and dins ilieir liealtli. 

7, Stress can snppi ess tlie innnune system, primarilv 
thi ough the secretion f)f glucocorticoids and iliere- 
lore can make a person more susceptible to infec- 
litms. 


SUBSTANCE ABUSE DISORDERS 

H. All addictive substances studied sf> fai’—including 
opiates, ct>caine, amphetamine, nicotine, tnarijttana, 
anrl alcohol—have been shown Hr cause the release 
ol clojjamine in tlie nucleus accumbens. 


9. Allbougli cbrojiic intake olOpiates causes tolerance 
and leads m withdrawal symptoms, these phenom¬ 
ena are not responsible for ackiictiun, which is 
caused by the ability of these drugs to activate 
dopaminergic mechanisms of reiiifoicement. 

10. Alcohol has two sites of action: It serves as an iitflU 
reel antagonist at the (7\BA^ receptor and an imli- 
recL antagonist at the NMDA recepttvr. 

I L Research itidicaies that the susceptibilitv to alco¬ 
holism is strongly influenced by heredity. Binging 
and steady drinking appear to eansecl by different 
mechanisms. 


12. idiysiological therapy for drug addiction inch ides 
methadone Idr opiate addiction, nicotine chewing 
gum or skin [laLches fV)r addiction to nicotine, and 
serotonin agonists or naltrexone {an opiate recep¬ 
tor blocker) for alcX)holism, 
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r SUGGESTED WEB SITES 1 


Facts on Post-Traumatic Stress Disorder (PTSD) 
WWW. n i m h, n i g. g o v/e v ents/ptsd fact. h t m 


fhis NIH siie tliscusses the causes anrl svinptonis ui PTSD 
an<l provides links in kev sites on P fSl). 


On-Line Anxiety Course 

http://sal mon .psy.ply m,ac.u k/year2/a nxiety.htm 

I’his site [>n>vides access lo a coin]rrehensive sei of inatenals 
l elaiing lo the jiliai iiiacolog\ ()f anxieiv. 


The Emotional Brain 

www.nimh.nih.gov/events/ledoux.htm 

riiis site f total Is ttie resi'aicli of Dr. Joseph I.rdh^nx relating 
the emotion cjf fear tcj mechanisms within the amvgrlala. 


Anxiety Disorder Education Program 
www.nimh.nih.gov/anxiety/news/index.htm 

This NiMH site provides links to articles and fact sheets on 
anxiety liisorders. 

Generalized Anxiety Disorder 
www.menta Ihealth.com/d is/p20-a n07,htm I 

This site contains desciiptions of diagnosis and ireatineni is¬ 
sues foi gcnerali/cd anxiety disorder 









